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The Ni2+ and DNA binding protein NikR is involved in nickel regulation in Escherichia coli through 
transcriptional repression of the NikABCDE nickel permease.  NikR is a homotetramer and each 
chain contains both a DNA binding ribbon-helix-helix (RHH) domain and a Ni2+ binding regulatory 
ACT (aspartokinase, chorismate mutase, TyrA) fold.  Work herein combines computational 
modeling of NikR structure with experimental studies aimed at understanding allosteric 
communication between the ACT and RHH domains.  Hydrogen/deuterium exchange mass 
spectrometry shows a Ni2+ specific NikR conformational change relative to bound Cu2+, Co2+, and 
Zn2+.  Concurrent coordination geometry and in vivo repressor function studies show that NikR 
activation is specific to binding Ni2+ in square-planar geometry.  These results suggest that 
regions of the NikR structure distal to the Ni2+ binding sites are involved in allosteric 
communication.  To help determine important residue interactions within and between the RHH 
and ACT domains that are involved in allostery, an equilibrium molecular dynamics (MD) 
simulation is utilized to explore the conformational dynamics of the NikR tetramer.  This study 
includes advances in methods development focused on identifying signatures of allosteric 
communication in MD simulations.  Using two different correlation measures based on 
fluctuations in atomic position and non-covalent bonding, we identify a potential allosteric 
communication pathway between the Ni2+ and DNA binding sites.  We also apply a graph 
theoretic approach to map the most probable networks of non-covalent contacts connecting the 
ii
two functionally important binding sites.  Several of the residues identified by our analyses have 
been shown experimentally to be important for NikR function.  An additional subset of the 
selected residues structurally connects experimentally important residues and may help 
coordinate allosteric communication between the ACT and RHH domains. Based on these 
analyses and additional structural interpretations, site-directed mutagenesis of E. coli NikR and 
subsequent characterization of changes in Ni2+ binding and in vivo repressor function of mutants 
aid our understanding of the role of these residues in allosteric regulation.  The combination of 
computational and experimental methods that are developed or adapted in this study provides a 
framework for further characterization of NikR, other ACT domain containing proteins, and other 
allosteric proteins. 
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Chapter 1 
Introduction: The allosteric metalloregulator NikR 
1.1  The focus of this thesis 
NikR is a metalloregulatory protein found in bacteria and archaea that responds to increased 
intracellular Ni2+ concentrations by repressing production of Ni2+ import proteins.1 In at least one 
bacterium NikR also induces production of a Ni2+-dependent metalloenzyme.2 The work 
presented herein focuses on understanding the allosteric communication mechanism between 
the DNA and Ni2+ binding domains of the NikR protein from Escherichia coli.   Using a 
combination of computational modeling and experimental studies, the results presented identify 
specific residues that are important for the communication mechanism and lay the groundwork for 
future efforts to fully elucidate this process.  In addition, computational and experimental analysis 
tools are described that were either developed or adapted to study NikR, but have more general 
applicability to the study of other proteins with allosteric control mechanisms or multiple ligand 
binding sites.  Finally, the results presented for NikR are used to make connections with other 
proteins that contain a similar regulatory ligand binding domain (an ACT fold) in order to develop 
a more general understanding of how this regulatory fold functions in a variety of different protein 
contexts. 
 
This chapter places NikR in the overall context of bacterial metalloregulation and Ni2+ physiology 
in E. coli.  It presents what is known about NikR structure and function and motivates the driving 
questions behind the studies presented in the rest of this thesis. 
1.2  General features of metalloregulation 
All cells require a variety of transition metal ions as structural and catalytic cofactors for a myriad 
of protein functions.3 Biologically relevant first-row transition metal ions, including Mn2+, Fe2+/3+, 
 2 
Co2+, Ni2+, Cu+/2+, and Zn2+, are utilized at several metalloenzyme active sites or bound at 
important protein structural sites.4 Through a combination of binding site geometry and utilization 
of particular metal liganding residues, many protein sites selectively bind a particular metal ion.5 
These protein binding sites often take advantage of the d-orbital electron arrangements of each 
transition metal ion, which affect their preferred coordination geometries.6 Such selectivity can be 
important for achieving the correct active site chemistry, redox potential, and/or protein 
conformation.4  Some protein metal binding sites promiscuously bind several different metal 
species, which can often compete for the same protein binding sites.5 However this potential 
competition may be unimportant in the cell, where free (hydrated-only) metal concentrations are 
vanishingly small.7 Essentially all intracellular metal ions are bound (yet potentially labile) by 
proteins, nucleic acids, or small molecules such as free amino acids and glutathione.7 In addition, 
specific metals are preferentially segregated through several mechanisms, including the action of 
metal chaperone proteins, varied metal binding kinetics and relative levels of different metal 
binding proteins, and the timing of metallogene expression.8 Therefore, coordinating the activities 
of metalloproteins is an important aspect of cellular metabolism to ensure the delivery of required 
metals to specific binding sites. 
 
All of the important biological transition metals are typically found in trace amounts in the 
environment (those listed above are all found in the nanomolar range in seawater).3 Therefore 
specific metal uptake proteins are present to concentrate these metals within a certain 
intracellular range required for optimal metabolism and fitness.7; 9; 10 As part of a population 
competing for limited resources, cells must balance the energy expended producing membrane 
associated protein complexes and actively transporting specific metals with the metabolic 
requirement for each metal.  This requires additional regulatory factors capable of sensing when 
the cell is replete with a given metal (see below).  Under some conditions an excess intracellular 
concentration of any one metal species can lead to inappropriate binding to non-cognate sites or 
even oxidative stress and free radical formation, all of which can be lethal.10 Furthermore, certain 
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heavy metals are typically quite toxic and have to be actively removed from the cell when 
encountered at high levels in the environment.11; 12 To help control this situation, many organisms 
express efflux and storage proteins that reduce the (free or highly labile) intracellular 
concentration of specific metal ions.11; 13; 14 Given the metabolic state of the cell, a balance 
between metal-utilizing proteins, metal uptake, efflux, and storage must be maintained for optimal 
growth and to avoid toxicity, generally referred to as metal homeostasis.3 Transition metal 
homeostasis is achieved in large part through the metal sensing and gene regulatory capabilities 
of several classes of metalloregulators.15 
1.2.1  Classes of metalloregulatory transcription factors in bacteria 
Metalloregulatory proteins combine metal sensing and control of metallogene expression to 
balance the need for metalloenzymes, metal uptake, storage, and efflux pathways.16 A series of 
DNA binding metalloregulators in bacteria combine to maintain optimal intracellular levels of 
transition metals to maximize survival/growth with changing cellular metabolic states and 
environments.15 The known metalloregulatory proteins of bacteria can be divided into several 
structural families, each named according to founding members:  ArsR/SmtB, MerR, Fur, DtxR, 
CopY, NikR, and RcnR/CsoR.16 Several of these structural families contain members that each 
respond to a different transition metal.5; 15 The helix-turn-helix/winged helix DNA binding motif is 
the most commonly used among these families, including ArsR/SmtB, MerR, Fur, DtxR, and 
CopY.16 NikR instead utilizes the ribbon-helix-helix (RHH) DNA binding domain17; 18 (described in 
detail below) and the DNA binding mechanism of the all α-helical RcnR/CsoR proteins is not yet 
known.19; 20 The bacterial metalloregulator families can further be classified based on the DNA 
binding activity of the apo proteins and their subsequent response to metal binding.  Metal 
binding causes loss of DNA binding affinity and derepression of the associated metallogenes for 
ArsR/SmtB, CopY, and RcnR/CsoR.16 In contrast, metal binding activates DNA binding, leading 
to co-repression in the cases of Fur and DtxR, and both co-repression and co-activation in the 
case of NikR, depending on the specific organism and bacterial metallogene operator.2; 16 MerR 
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switches from the repressor function of the apo protein to activator function when metal is 
bound.21    
 
Each of these protein families appears to have developed a unique mechanism for coupling metal 
binding with changes in DNA binding affinity, which generally involves some form of allostery.16 
Most metalloregulators are capable of binding more than one type of transition metal ion with 
varying affinity in vitro, often following the Irving – Williams series, which is a property of the 
metals themselves.8 Some metalloregulators have evolved such that the cognate metals they 
selectively respond to also bind with the highest relative affinity.22; 23 However it is important to 
recognize that the degree of metal responsive change in DNA binding activity does not 
necessarily correlate with the measured in vitro binding affinity of a given metalloregulator for 
each different metal.  An illuminating example is NmtR from Mycobacterium tuberculosis 
(ArsR/SmtB family), which binds metals in the following order based on in vitro affinity:  
Zn2+>Ni2+>>Co2+.  However NmtR dissociates from DNA in vitro in response to Co2+ and not Zn2+, 
and only responds in vivo to Ni2+ and Co2+.24 
1.3  Ni2+ physiology in E. coli 
Due to the large amount of structural data available for E. coli NikR with and without both Ni2+ and 
DNA bound18; 25; 26 and additional functional data (described below), this protein is a particularly 
good model for studying the NikR interdomain allosteric communication mechanism. This section 
is a brief overview of important aspects of Ni2+ physiology in E. coli, especially related to NikR 
function.  A series of reviews have more extensively covered bacterial Ni2+ physiology.  Figure 1-
1 provides a simplified view of E. coli Ni2+ trafficking.  The following subsections cover each of the 
main components. 
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1.3.1  E. coli anaerobic Ni2+ requirement: Hydrogenases 
The primary Ni2+ requirements in E. coli occur under anaerobic conditions for the activity of a 
series of Ni/Fe hydrogrogenases.27-30 These enzymes contain both Ni2+ and Fe2+ and either 
catalyze the oxidation of H2 to help generate ATP (hydrogenases 1 and 2) or help convert 
formate to H2 and CO2 (hydrogenase 3).31 Normal hydrogenase activity from E. coli cells depends 
on the function of the NikABCDE Ni2+ transporter (see below), unless the growth media is 
supplemented with large amounts (µM) of Ni2+, presumably transported nonspecifically by the 
CorA Mg2+ transporter.32-34 
 
Figure 1-1.  Intracellular Ni2+ trafficking in E. coli.  Ni2+ is acquired from the environment via the 
ATP-dependent Ni2+ permease NikABCDE.  Under anaerobic conditions, Ni2+ is required for 
assembly and activity of Ni2+-Fe2+ hydrogenase enzymes.  Ni2+ binding to NikR activates its DNA 
binding activity and Ni2+-NikR binds the nik operator DNA, attenuating transcription of 
nikABCDE.35  The RcnA Ni2+ and Co2+ efflux protein competes with NikR for Ni2+ and the RcnR 
transcriptional regulator (not shown) controls its production in a Ni2+ and Co2+ dependent 
fashion.36 
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1.3.2  E. coli Ni2+ import: NikABCDE 
The E. coli NikABCDE membrane associated protein complex is a Ni2+-specific ABC 
transporter.37; 38 The complex couples ATP hydrolysis with active and specific transport of Ni2+.39 
The expression of the nikABCDE operon is activated by the FNR protein under anaerobic 
conditions33 and repressed primarily by the NikR protein,40 described in detail below (and shown 
schematically in Figure 1-1). 
1.3.3  Hydrogenase assembly:  Targeted Ni2+ trafficking 
Formation of active Ni/Fe hydrogenases in E. coli requires a series of coordinated steps with 
protein cofactors.  Several proteins are involved, and most of them have been given the hyp 
designation for mutations that affect hydrogenases pleiotropically.41; 42 There is evidence that the 
HypB protein has a high affinity Ni2+ binding site under anaerobic conditions (including oxidation-
prone cysteines),43 and that in concert with HypA and SlyD functions in chaperoning Ni2+ 
imported by NikABCDE to assembling hydrogenase active sites.44-46 Hydrogenase assembly 
components have been linked to changes in NikR function in E. coli35 and specifically HypB and 
HypA/SlyD were linked to altered NikR function in H. pylori.47 These data suggest that conditions 
requiring high hydrogenase activity in E. coli can lead to reduced NikR repressor function, 
causing increased NikABCDE production to deliver more Ni2+ to hydrogenase assembly 
components.  Conversely, conditions that reduce the expression of hydrogenase assembly 
components and hydrogenase activity afford increased NikR access to available Ni2+ and 
increased repressor function.  These two conditions are shown schematically in Figure 1-2, 
curves B and C respectively. 
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Figure 1-2.  Model in vivo NikR dependent repression of nikABCDE in response to added Ni2+ in 
liquid E. coli cultures growing anaerobically in minimal media.  A.) The normal repression curve 
for WT E. coli (strain MG1655) growing in minimal media supplemented with glucose and the 
indicated amounts of Ni2+. B.) A repression curve representing increased competition with NikR 
for Ni2+, leading to reduced NikR function and increased nikABCDE expression until high Ni2+ 
levels are reached. C.) A repression curve representing reduced competion with NikR for Ni2+, 
leading to increased NikR function and reduced nikABCDE expression at low added Ni2+.  D.) 
The “full repression” region, showing the dominant effect of NikR activity at high Ni2+.  Note that a 
NikR knock-out (or C95A mutation, not shown) shows a flat Ni2+ independent curve at the level of 
B.  Figure based on parameters reported in Rowe et. al. 2005.35 
 
1.3.4  Reducing excess intracellular Ni2+ 
Recent work has provided clear evidence that the E. coli RcnA protein functions as a Ni2+ and 
Co2+ efflux (export) protein when the cell is replete with Ni2+.  RcnA expression is increased under 
conditions of excess Ni2+ and Co2+36; 48 due to inactivation of the Ni2+ and Co2+ responsive RcnR 
metalloregulator (briefly described below).19; 36 Genetic studies have shown that RcnA affects 
NikR function, likely through competition for Ni2+, even at low overall intracellular Ni2+ and low 
RcnA expression.36 This effect is shown in Figure 1-2 where the nikABCDE repression curves for 
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rcnA and rcnR knockouts are similar to curves C and B respectively.  The combination of results 
including hydrogenase assembly proteins and RcnA/RcnR affecting NikR function at low Ni2+ 
levels underlines the importance of high affinity Ni2+ binding to NikR controlling its in vivo function. 
1.3.5  Ni2+ dependent gene regulation 
As described above, two Ni2+ dependent gene regulators in E. coli have been discovered to date: 
NikR and RcnR.  The two regulators are not structurally related and have different but connected 
functions in the E. coli cell.  High affinity (Kd ~ 1 picomolar) Ni2+ binding to NikR activates DNA 
binding and repression of nikABCDE.49; 50 RcnR Ni2+ binding (Kd ≤ 25 nanomolar),19 causes a 
decrease in DNA binding affinity and derepression of rcnA.36 An important point established in the 
initial description of RcnR is that increased RcnA expression occurs in the presence of high 
extracellular Ni2+ in the range where NikABCDE expression is fully repressed by NikR.36 As 
stated above, small amounts of RcnA protein can apparently compete with NikR for Ni2+, which 
could involve limited RcnR Ni2+ binding at low overall intracellular Ni2+.36 The interplay and 
coordination of NikR dependent NikABCDE expression and RcnR dependent RcnA expression is 
an important facet of E. coli Ni2+ homeostasis. 
1.4  NikR Structure/Function 
This section reviews what is known about NikR structure and function and motivates the main 
questions driving the research presented in this thesis.  The NikR protein is widely distributed 
across several diverse species of bacteria and archaea.17; 51 Structurally, NikR is one of the best 
characterized metalloregulators to date, with available X-ray crystal structures of the apo and Ni2+ 
bound proteins from three different microbes (E. coli, H. pylori, and Pyrococcus horikoshii)18; 25; 51; 
52 and a NikR-operator DNA co-crystal structure25 for the E. coli protein.  While some NikRs have 
either/both N- and C-terminal extensions, the core protein represented by the E. coli sequence 
and structure is well conserved (see Figure 1-8) with no major structural differences across the 
three orthologs characterized thus far.18; 51; 52 
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Figure 1-3. Comparison of apo and Ni2+-DNA-bound NikR x-ray crystal structures.  Apo structure 
was generated from PDB ID 1Q5V with missing atoms built in and energy minimized.  Ni2+-DNA-
bound NikR is from PDB ID 2HZV.  Protein chains are in “new cartoon” rendering and colored 
cyan, blue, tan, and silver.  Ni2+ binding site residue positions (His76, His87, His89, Cys95) are 
colored red.  DNA double helix backbone is outlined in “tube” rendering and colored red while 
nucleotides are in “bond” rendering and colored by atom name.  Ni2+ atoms are shown as green 
spheres.  K+ atoms are shown as orange spheres.  This figure is from Bradley et. al. 2008.53 
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Figure 1-4.  Archetypical RHH domain containing repressors, Arc repressor from P22 phage 
(PDB ID: 1PAR) and MetJ from E. coli (PDB ID: 1MJ2), bound to DNA operator sequences.  Both 
proteins make contacts between RHH dimers to help stabilize tetramer occupancy on the 
operator sites. The recognition half-sites are separated by ~1 turn of DNA for Arc repressor and 
slightly less for MetJ, leading to different dimer – dimer contacts for each protein.  DNA-binding 
by Arc repressor is simply controlled by its expression level.  MetJ DNA-binding is controlled by 
binding the co-repressor, S-adenosyl methionine, shown in green. 
 
1.4.1  Features of NikR structure 
E. coli NikR is a homotetramer composed of 2 distinct domains (see Figure 1-3).18 The N-terminal 
50 amino acids of each chain contribute to two dimeric domains of the ribbon-helix-helix (RHH) 
family,17 a well-studied DNA-binding fold.54 For comparison, the founding members of the RHH 
domain class, Arc repressor from baceriophage P22 and E. coli MetJ are shown in Figure 1-4.  
Two or more RHH dimers typically recognize two or more specific binding sites on DNA that are 
only separated by ~1 turn of the DNA helix between adjacent sites (see Figure 1-4).  This allows 
cooperative binding contacts to form between adjacent RHH dimers.55 In contrast, the NikR 
tetramer recognizes two operator half sites separated by ~2 turns of DNA (see Figure 1-3).  This 
is important because rather than form cooperative contacts between the two NikR RHH domains, 
their DNA binding is instead allosterically coordinated by the C-terminal domain.25  
 
 11 
 
Figure 1-5.  Comparison of the ACT domain dimers of NikR (PDB ID: 1Q5Y) and PGDH (PDB ID: 
1PSD), both from E. coli.  The relative location of the bound allosteric ligands (in green), Ni2+ for 
NikR and L-serine for PGDH, are quite similar at the dimer interface.  Highly conserved ligand 
binding residues are shown in ball and stick rendering for each protein.  This figure was inspired 
by Schreiter et. al. 2003.18 
 
The C-terminal 83 amino acids of each NikR chain form a tetramer composed of four βαββαβ 
domains that together contain the high affinity nickel binding sites (KD ~1pM).18; 49; 50 The C-
terminal domain of each chain forms an ACT  (aspartokinase, chorismate mutase, TyrA) fold, 
which is a domain class that typically binds small molecules that allosterically control enzymatic 
activity.56 The ACT domains of NikR contain a dimer interface that is very similar to the 
archetypical ACT containing protein, D-3-phosphoglycerate dehydrogenase (PGDH, see Figure 
1-5).  PGDH catalyzes the first committed step in serine biosynthesis and is feedback inhibited 
allosterically by serine.57 A more in-depth comparison between the ACT domains of NikR and 
PGDH is presented in Chapter 6. Figure 1-6 represents the diversity of different protein structures 
and functions that utilize allosteric regulation involving an ACT domain.  The NikR protein forms 
an interesting union of the DNA-binding RHH and the regulatory ACT domains to provide 
allosteric control of DNA binding through Ni2+ binding and thereby allowing NikR to act as a 
transcriptional repressor that responds to elevated intracellular Ni2+ concentrations.18; 35; 40 
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Figure 1-6. Diversity of ACT domain containing proteins.  ACT folds are shown in green on each 
structure.  The abbreviated names mean the following:  At AspKi is Arabadopsis thaliana 
aspartate kinase (dimer, PDB code 2CDQ); Ec ThrD is E. coli threonine deaminase (dimer 
shown, functions as tetramer, PDB code 1TDJ); Rat PheOH is Rattus norvegicus phenylalanine 
hydroxylase (dimer shown, functions as a tetramer, PDB code 1PHZ); Pf LrpA is Pyrococcus 
furiosus leucine-responsive regulatory protein (functions as an octamer, paired dimers shown in 
alternating blue and red, PDB code 1I1g); Ec IlvH is E. coli regulatory domain dimer (two tandem 
ACT folds per chain) of acetohydroxyacid synthase (PDB code 2F1F); Ec YbeD is a conserved 
protein from E. coli with unknown function that is thought to be involved in lipoic acid synthesis 
(PDB code 1RWU).  Figure inspired by Grant, 2006.56 
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1.4.2  Features of NikR function 
High affinity metal binding 
The high-affinity Ni2+ binding sites of NikR are located at the interface between two NikR dimers 
(see Figure 1-5).  These sites are ~40 Å distant from the β sheet in the N-terminus that forms 
sequence-specific DNA contacts (see Figure 1-3). The Ni2+ binding residues observed 
crystallographically include His76, His87, His89, and Cys95 in a four coordinate square planar 
geometry.18 This number and chemical nature of Ni2+ coordinating residues agrees with X-ray 
absorption and mutagenesis data.58 Using a β-galactosidase reporter assay for in vivo NikR 
function (Figure 1-2), a Cys95Ala mutant was shown to behave as a NikR knock-out with respect 
to Ni2+ dependent reporter expression.35 The initial crystallographic studies also noted highly 
conserved “second shell” residues near the bound Ni2+ that include Tyr58, Tyr60, His62, Gln75, 
and Glu97.18 Tyr58, Gln75, and Glu97 appear to participate in an H-bonding network that 
connects pairs of Ni2+ binding sites. 
 
Besides Ni2+, binding of other divalent transition metals to NikR has been observed.  In order of 
affinity (low to high), Mn2+, Co2+, Cd2+, Zn2+, and Cu2+ have been measured (or attempted for 
Mn2+).50 Cu2+ has a higher apparent affinity than Ni2+ (~14 attomolar), but this is probably not 
relevant in the cell where the ion is readily reduced to Cu+.  A subset of these metals was tested 
for metal-induced conformational changes of NikR, which are presented in Chapter 2.  In addition, 
X-ray absorption spectroscopy (XAS) studies have shown different coordination environments for 
each metal bound to NikR (discussed in Chapter 2), with Cu2+ exhibiting a four coordinate planar 
geometry most similar to Ni2+.59 These data were supported by a recent crystallography study 
showing Zn2+ and Cu2+ bound to NikR C-terminal domain tetramers.26 The metal specificity of 
NikR activation is discussed in Chapter 2.  
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Metal binding stabilizes NikR against both heat and chemical denaturation,49; 50 as well as 
proteolytic cleavage.60 This stabilization is likely related to a conformational change of the protein 
that is measurable by a change in amide backbone hydrogen/deuterium exchange properties 
(see Chapter 2).59 
 
DNA binding 
In the presence of sufficient Ni2+, E. coli NikR recognizes two dyad-symmetric operator DNA half-
sites (sequence: GTATGA) separated by 16 A/T rich base-pairs.40 Work by Schreiter et al.25 
determined the co-crystal structure of E. coli NikR with an operator DNA fragment.  Based on this 
structure, DNA contacts were identified with several NikR residues (listed in Table 4 of Chapter 
3).  Using a DNAse I footprinting assay, Chivers and Sauer17 showed DNA binding with 6.25 µM 
WT N-terminal domain (residues 1-48).  Additionally, they established that an Arg3Ala mutation of 
the N-terminal fragment abolishes the observed DNA binding using the same protein 
concentration as for WT N-terminal domain.  Further footprinting studies demonstrated that the in 
vitro affinity of full-length NikR for the full DNA operator in the presence of stoichiometric Ni2+ (1 
Ni2+/NikR subunit) is between 5 and 50 nanomolar (KD, NikR subunits).49; 61 Gel mobility-shift 
experiments showed that excess Ni2+ (35-50 micromolar) affords an increase in DNA binding 
affinity to the 10-20 picomolar range (KD, NikR subunits).49; 61 This increased DNA affinity in the 
presence of excess Ni2+ led to additional characterization of a low-affinity metal binding site (see 
below).  DNA binding in the absence of divalent transition metals using full-length NikR and a 
DNA fragment containing both half sites is rather weak, with an affinity > 5 micromolar (KD, NikR 
subunits). 
 
Low-affinity metal binding 
Initial characterization of Ni2+-dependent DNA binding suggested a role for additional low-affinity 
metal binding sites in forming very high affinity NikR-DNA complexes with an increased DNA 
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footprint.40; 49; 61 A cation-binding site at the domain interface has been located crystallographically 
for both E. coli and Pyrococcus horikoshii NikR in the presence and absence of DNA respectively 
(see Figure 1-3 and Figure 1-7) .25; 51 This six coordinate site is composed of the side-chains of 
Glu30 and Asp34 (E. coli NikR numbering, Asp34 arranged in bi-dentate fashion) and the main-
chain carbonyl oxygens of Ile116, Gln118, Val121.  The P. horikoshii NikR (PhNikR) structure 
contains Ni2+ at this site, while the E. coli NikR structure contains K+.25; 51 Taking advantage of the 
different affinities that E. coli NikR has for different metals, XAS was used to study NikR with 
either Cu2+/Ni2+ or Ni2+/Co2+ bound to the high/low affinity sites.59 This study consistently showed 
a 6-coordinate octahedral ligand arrangement around both Ni2+ and Co2+ bound at the low affinity 
site, with evidence that at least two histidines participate in the binding site.59 The discrepancies 
between X-ray crystal structures and XAS could indicate multiple candidate low-affinity metal 
binding sites, which could have been populated to varying degrees in these studies.   This idea is 
supported by additional Ni2+ binding sites observed in several places throughout the ACT domain 
and RHH/ACT interface in the PhNikR,51 Helicobacter pylori NikR (HpNikR),52 and EcNikR (with 
low occupancy)25 crystal structures when a large excess of Ni2+ was soaked into the crystals.  
Which of these sites contribute to the increased DNA binding affinity of E. coli NikR with excess 
Ni2+ has not yet been determined. 
1.4.3  Allostery and structural changes 
Recent crystal structures of full-length E. coli NikR with Ni2+ and with both Ni2+ and DNA bound25 
show different orientations between the RHH and ACT domains between these two states.  
These data suggest that Ni2+ binding does not induce a single conformational state of the protein.  
In other words, Ni2+ binding does not appear to “pre-arrange” the protein into a conformation 
similar to the DNA-bound state.  As such, it is not obvious from crystal structure comparisons how 
nickel binding activates the protein for DNA binding.  Conformational heterogeneity has also been 
observed in crystal structures of the HpNikR and PhNikR orthologs (see Figure 1-7).51; 52 Solution 
studies suggest that at least a small change in the average conformation of NikR must 
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accompany Ni2+ binding59; 60, indicating that perturbations of the protein’s conformational flexibility 
and dynamics may play an important role in activation of DNA binding. 
 
 
Figure 1-7.  Different relative RHH and ACT domain orientations from NikR crystal structures.  In 
addition to the orientations shown for EcNikR in Figure 1-3, an extended conformation shown 
here with Ni2+ bound to the high-affinity sites (green spheres) has been observed (PDB ID: 
2HZA).  A very similar extended domain orientation has been observed with both apo and high-
affinity Ni2+ bound PhNikR (PDB IDs 2BJ3 and 2BJ1).  The “closed-trans” orientation shown for 
PhNikR (PDB ID 2BJ9) has Ni2+ bound at the high-affinity sites (green spheres), intermediate 
sites (yellow spheres), and the putative low-affinity site (orange spheres) that matches the 
position of bound K+ in the structure of EcNikR bound to DNA in the “closed-cis” conformation 
(Figure 1-3).  The closed-trans orientation has also been observed in other Ni2+-bound PhNikR 
structures (PDB IDs 2BJ7 and 2BJ8) and all available HpNikR structures, including both apo and 
Ni2+-bound (PDB IDs 2CA9, 2CAD, and 2CAJ). 
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Figure 1-8. Sequence logo for the NikR family. This logo represents an MSA containing 82 
sequences, numbered according to the E. coli NikR sequence.  Construction of this alignment is 
described in Chapter 3. For each position, the total height (in bits) of the residue letters indicates 
the degree of conservation at that position.62 This figure was generated using WebLogo.63 
 
1.5  The scope of this thesis 
Broadly stated, the studies described in this document have been motivated and driven by the 
following question:  What is the mechanism of allosteric communication between the RHH and 
ACT domains of NikR that affords Ni2+ dependent DNA binding activity? Throughout this thesis an 
effort is made to map functional information on specific NikR residues to account for the 
evolutionary conservation of residues outside the Ni2+ and DNA binding sites of NikR (Figure 1-8) 
 
Each of the subsequent chapters of this thesis focuses on different aspects of the Ni2+-dependent 
allostery of NikR.  The H/D exchange studies presented in Chapter 2 identify a Ni2+-specific 
change in conformation that is distinct from other divalent transition metals. The molecular 
dynamics (MD) simulation and computational analyses presented in Chapters 3 and 4 identify a 
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network of specific residue contacts that connect the RHH and ACT domains and are likely to be 
important for Ni2+ activation of NikR.  Chapter 4 presents the newly developed MD analysis 
methods in terms of graph theory and compares these strategies with other approaches in the 
literature.  Chapter 5 examines the role of an ACT-domain residue (Gln75) in the linkage between 
nickel-binding sites in the NikR tetramer.  This mutation results in a gain of NikR repressor 
function in the cell. Through the use of model-independent analysis of Ni2+-titration data, stepwise 
binding constants were determined for the wild type and Gln75Ala NikR proteins.  The concluding 
chapter (Chapter 6) synthesizes the results of the previous chapters to define a model of NikR 
allostery.  I compare this model with known aspects of the structure and function of PGDH, to 
identify potential similarities between the allosteric mechanisms of a variety of ACT domain 
containing proteins. 
 
The work presented in this thesis aids our understanding of NikR function, has broad implications 
for defining common elements of ACT domain control, and develops generally applicable tools for 
investigation of allosteric multiple-binding site proteins both computationally and experimentally. 
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Chapter 2 
Experimental measure of conformational change:  H/D Exchange 
measured by mass spectrometry† 
2.1   Introduction 
Our hypothesis is that Ni2+ binding induces a shift in the conformational ensemble of the NikR 
tetramer that is part of the mechanism in activating DNA binding.  The nature of this 
conformational change is not apparent from comparing crystal structures of full-length E. coli 
NikR (or orthologs) with and without Ni2+ bound.1-4 Compared to the DNA-bound Ni2+-NikR 
structure, it does not appear that the tetramer conformation is pre-arranged to bind DNA upon 
Ni2+ binding.2 Ortholog structures suggest that under some crystallization conditions, it is possible 
to observe both apo and Ni2+-NikR in a conformation similar to the DNA-bound structure (see 
Figure 7 in Chapter 1).3; 4 In order to test whether or not an average change in the conformational 
ensemble of E. coli NikR in response to Ni2+ binding is observable in solution, we chose to utilize 
hydrogen/deuterium exchange (H/D exchange) measured by mass spectrometry. 
 
Measuring H/D exchange by mass spectrometry allows us to take advantage of several aspects 
of the H/D exchange reaction (see Figure 2-1).  The shift to D2O buffer at time = 0 can be done 
near pH/pD ~7.0 to 8.0, which maximizes the exchange rate at solvent exposed positions while 
minimizing adverse effects on protein stability due to changes in pH.5 After allowing exchange to 
proceed for a certain amount of time, an aliquot of the exchange reaction is removed and the 
partially deuterated protein is shifted to “quench” conditions (low temperature and pH, see 
Materials and Methods), where the H/D exchange rate is near a minimum.6 This sample is then 
                                                      
† A portion of the work presented in this chapter appears in the following manuscript: Leitch S., 
Bradley M.J., Rowe J.L., Chivers P.T., Maroney M.J. (2007) Nickel-specific response in the 
transcriptional regulator, Escherichia coli NikR. J Am Chem Soc. 129(16):5085-95. 
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desalted on a column that is inline with the mass spectrometer under quench conditions.  An 
organic/aqueous solvent mixture is used to elute the protein, which then enters the mass 
spectrometer and is subjected to electrospray ionization (ESI) and mass analysis.  It is important 
to point out that under these conditions, exchangeable protons/deuterons on amino acid side-
chains will still back-exchange (lose deuterium label) quite quickly (within a few seconds or less), 
leaving deuterium labels at amide backbone positions (see Figure 2-1).5 
 
 
Figure 2-1.  H/D exchange mechanism at amide backbone protons.  Letters correspond with 
element symbols except that D is deuterium (2H) and R is an amino acid side-chain.  The base 
catalyzed reaction is shown, but the acid catalyzed reaction is also possible with the same net 
result when the protein is shifted to a high % D2O solvent. 
 
H/D exchange mass spectrometry is a facile method to detect protein conformational change in 
the presence and absence of bound ligands (see Figure 2-2).7-11 It is a rapid technique that 
requires relatively small amounts of protein (pmoles to nmoles) and can be conducted in solution 
under a variety of conditions 5; 12. The H/D exchange rate constant (ke) at any given backbone 
amide proton (shifting from H2O to ≥ 90% D2O) depends on three main factors:  1.) Intra-
molecular hydrogen bonding within the protein, especially from stable secondary structures; 2.) 
Solvent accessibility; 3.) Local inductive affects on the amide proton pKa due to neighboring 
residues.  Of these, the first two effects dominate.5; 13 If the average conformation of the protein 
changes in response to altered solution conditions or ligand binding, the exchange rates of 
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several backbone amides may also change (see Figure 2-2).  In this way, H/D exchange kinetics 
can be used to assay differences in equilibrium conformation due to ligand binding. 
 
 
Figure 2-2. H/D exchange kinetics as a probe of equilibrium conformational change upon Ni2+ 
binding.  Circles represent average apo protein conformation; squares represent average Ni2+ 
bound conformation.  Excess D2O drives isotope exchange to the deuterated form. Any protons 
whose exchange rates (ke1 and ke2) are altered on the timescale of the experiment (minutes) will 
show a Ni2+-dependent shift in deuterium uptake at particular time points. 
 
For the work described in this chapter, we use H/D exchange mass spectrometry to observe a 
change in the average solution conformation of E. coli NikR upon binding stoichiometric Ni2+.  We 
then compare the Ni2+ induced conformational change to conformational changes observed upon 
stoichiometric binding of other first row transition metals (Co2+, Cu2+, and Zn2+), to test the metal 
specificity of NikR conformational response. The underlying question in testing metal specificity is 
whether or not activation of NikR repressor function is specific for Ni2+.  Previous work by another 
Chivers lab member using a reporter expression (Pnik-lacZ) assay with E. coli cells grown in the 
presence of different metals addressed metal specificity of repressor activation in vivo (see Figure 
2-3).  These data showed relative levels of reporter activity in the presence of high (near lethal) 
concentrations of each metal added to the growth medium (compared to no additional metal 
added).  An increase in NikR repressor activity is represented by a decrease in observed reporter 
activity. Figure 2-3 clearly shows that only Ni2+ activates NikR repressor function in vivo.   
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Figure 2-3.  In vivo assay of NikR-dependent regulation of PnikABCDE expression in the presence of 
different metals.  Expression levels are relative to the observed LacZ activity without any metal 
added (3500-4000 Miller units).  Metals were added to E. coli cultures at near toxic 
concentrations as follows: 10 µM MnCl2, 20 µM FeCl2, 1 µM CoCl2, 1 µM NiCl2, 10 µM CuCl2, and 
100 µM ZnCl2.  Near toxic limits were designated as the highest concentration of metal at which 
less than 10% reduction in OD600 was observed after overnight (14 h) anaerobic growth at 37 
ºC.  Data collected by Jessica Rowe in the Chivers lab.  Figure from Leitch et. al. 2007.14 
 
The results presented in this chapter have been combined with the above measurements of NikR 
function in vivo and determination of the unique coordination geometry of each metal bound to 
NikR to understand the specificity of NikR activation by Ni2+.14 
2.2   Materials and Methods 
2.2.1  Metal Substituted NikR proteins 
E. coli apo-NikR was prepared by incubation with 50 mM EDTA (0.5 M stock [pH 8.0]) at 4°C for 
2-4 days using protein that was overexpressed in E. coli DL-41(DE3)pLysS or DL-41(DE3) and 
isolated as previously described.15; 16 ApoNikR samples (100 µM in 20 mM Tris (pH 8.0), 100 mM 
 27 
NaCl) were diluted by stepwise addition of 100 µM M(II) (divalent metal) chloride stocks to a final 
concentration of 50 µM NikR and 50 µM M(II).  Samples were equilibrated overnight (14-18 
hours) at room temperature (23 °C).  A small amount of protein precipitation was observed, likely 
due to metal binding at the protein surface,17 and was removed by centrifugation at 12,000 x g for 
4 min.  Unbound metal was removed by desalting using a P6 spin column (Bio-Rad) equilibrated 
with the buffer described above.  Metal-binding stoichiometry was confirmed using the published 
extinction coefficients for the Ni2+NikR, Cu2+NikR, and Co2+NikR complexes,18 or by the PAR 
assay for Zn2+NikR.19  
2.2.2  Hydrogen/Deuterium Exchange Reaction 
H/D exchange and mass spectrometry methodology was adapted from methods developed in 
Michael Gross’ lab at Washington University.20-22 H/D exchange reactions were carried out by 
incubating 10 µM NikR samples (apo- or with Ni2+, Cu2+, Co2+, or Zn2+ bound) at room 
temperature (23 °C) or in a heating block (set at 37 °C).  At 0 min, the sample was diluted 10-fold 
by addition of room temperature D2O (or D2O heated to 37 °C), yielding 1 µM protein in 90% D2O.  
19 µL aliquots were removed and placed in a pre-chilled 0.5 mL microfuge tube containing 1 µL 
of 0.1 M HCl.  If the sample was immediately analyzed, it was loaded directly into the chilled 6-
port valve as described below.  If the sample was prepared in advance of mass spectrometric 
analysis, then the acid-quenched aliquot was immediately dipped into a dry-ice/ethanol bath for 
15 s to freeze the sample and quench the H/D exchange reaction.  Frozen samples were 
immediately transferred to –80 °C and stored for 1-5 days, followed by transport to the mass 
spectrometry facility on dry ice. 
2.2.3  Liquid Chromatography-ESI Mass Spectrometry 
If previously frozen, samples were thawed in a room temperature water bath (23 °C) with swirling 
for 30 s, then immediately loaded into a 6-port valve in an ice-bath containing an Opti-Guard C18 
desalting column (10 mm x 1 mm i.d., P. J. Corbert Associates, Inc., St. Louis) equilibrated with 
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pre-chilled 0.1% tri-fluoroacetic acid (TFA) in water (pH 2.5).  The column-bound protein was 
washed with 200 µL of ice-cold 0.1% TFA in water.  The protein was eluted using 30 µL/min, 
isocratic flow of pre-chilled 80:19.7:0.3 (v/v/v) methanol/water/TFA (pH ~2.5), and the flow 
directed into a Micromass Q-TOF Ultima GLOBAL mass spectrometer operated in the positive ion 
mode.  The instrument settings were as follows: capillary voltage, 3.4 kV; TOF voltage, 10.1 kV; 
MCP voltage, 2000 kV; source temperature, 80 °C; desolvation temperature, 150 °C; cone gas 
(N2) flow, 40 L/h, desolvation gas (N2) flow, 400 L/h.  The TOF operated at 10000 mass resolving 
power between m/z 600 and m/z 1400, the range in which NikR monomer peaks are detected 
(see Figure 2-4).  Normally between 10 and 20 scans were summed for molecular mass analysis 
with MassLynx 4.0 using the maximum entropy algorithm (MaxEnt1 in MassLynx 4.0, see Figure 
2-5).  The entire protein signal used for analysis was eluted and collected within 2 min of loading 
on the desalting column. 
2.3   Results 
2.3.1  Ni2+ dependent change in NikR conformation measured by H/D exchange 
kinetics 
For the experiments reported here, it is important to point out that the organic/aqueous solvent 
mixture used to elute NikR from the desalting column also causes tetramer dissociation into 
monomers.  Therefore the observed mass/charge envelope and de-convoluted mass peaks 
correspond to NikR monomers (see Figure 2-4 and Figure 2-5). 
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Figure 2-4.  Mass/charge ratio envelope for the NikR monomer.  Several charge states of each 
NikR monomer are formed during electrospray ionization.  Peak separation allows determination 
of each charge state in the envelope (approx. +13 to +24 in this case).  The MaxEnt 1 algorithm 
of the MassLynx 4.0 software was used to determine the most likely mass distribution (see Figure 
2-5). 
 
Under a particular set of solution conditions (e.g. temperature, ionic strength, +/- Ni2+, etc.) H/D 
exchange proceeds at a characteristic rate for each backbone amide proton in the NikR tetramer.  
The detected NikR monomer mass and associated deuterium uptake at a particular time-point 
(see Figure 2-5) is then an average over all monomer conformations in the sample.  If some part 
of the NikR structure undergoes a conformational change that alters the characteristic H/D 
exchange rates of a subset of backbone amide protons, then the average deuterium uptake of a 
NikR monomer could be altered at various time-points depending on the difference in initial and 
altered exchange rates.  Upon binding stoichiometric Ni2+, the average deuterium uptake of NikR 
monomers is reduced to varying degrees at both short (~1 min) and long (> 0.5 h) timescales 
(see Figure 2-6). 
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Figure 2-5.  H/D exchange leads to increase in mass of the NikR monomer with time.  The slow 
time-scale of mass gain indicates a stably folded protein under exchange conditions where 
different backbone amide protons have vastly different exchange rates.  Approximately 70% of 
the amides are exchanged after 160 min.  Maximum exchange under these conditions is 90% 
(due to 90% D2O solvent). 
 
 
 
 31 
 
Figure 2-6. H/D exchange time-course for apo and Ni2+ saturated NikR (1:1 Ni2+:NikR monomer) 
at 23 °C.  The earliest point is 1 minute, where ~56% of apo and ~49% of Ni2+NikR amide protons 
(out of 133 residues) have been exchanged for deuterium.  The data points are the mean uptake 
values for each time-point and the error bars represent the standard deviation from 3 time-course 
trials under each condition.  Lines are shown only to connect data points from each condition.  
These data were collected by immediately analyzing aliquots from the H/D exchange reactions. 
 
To quantify the altered deuterium uptake at each time point between apo and Ni2+NikR, the 
difference (apo minus Ni2+NikR) is plotted in Figure 2-7.  This plot shows the difference at two 
temperatures, 23 and 37 °C.  These data sets were collected by immediately analyzing aliquots 
taken from an H/D exchange reaction.  For the 23 °C data, the apo protein gains an average of 8 
additional deuterons after 1 min. of exchange.  This difference decreases at long time points to an 
average of 3 deuterons at the latest time point, 130 minutes.  For the 37 °C data, the difference 
after 1 min. of exchange is smaller than for 23 °C by 2-3 deuterons.  The deuterium uptake 
difference time courses for the two temperatures coincide at the 20 min. time point, and then the 
difference for the 37 °C data set increases to an average of 5 deuterons at long times (out to 130 
minutes). 
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Figure 2-7.  Deuterium uptake difference (apo minus Ni2+ bound) for NikR monomers at 23 and 
37 °C.  The pink squares are the difference between the average deuterium uptake values from 3 
uptake time-course experiments for both apo and Ni2+NikR at 23 °C.  The blue diamonds are the 
difference between the average deuterium uptake values from 3 uptake time-course experiments 
for both apo and Ni2+NikR at 37 °C.  The error bars are propagated from the standard deviations 
of both apo and Ni2+NikR time-courses at each temperature.  Lines are shown only to connect 
data points from each condition.  These data were collected by immediately analyzing aliquots 
from the H/D exchange reactions. 
 
2.3.2  Metal specificity of the conformational change in NikR 
Figure 2-8 shows the changes in the H/D exchange time courses of NikR (following up to 20 min 
of exchange) due to the conformational effects of metal binding.  It is important to point out that 
these data were collected following flash-freezing, storage at -80 °C, and thawing just prior to 
analysis.  This protocol change is likely the source of the discrepancy at the 1 min time point 
relative to the data in Figure 2-7, yet the data from both protocols match quite well at the 10 and 
20 minute time points.  Each M(II)-substituted form of NikR had a different H/D exchange time-
course relative to apoNikR suggesting that the conformational ensemble of each species was 
different.  Ni2+NikR had the largest difference relative to apoNikR at each time point.  The 
difference of ~6 amu per monomer between apoNikR and Ni2+NikR after 1 minute of H/D 
exchange suggests that approximately 6 amide backbone positions per chain with relatively fast 
 33 
(< 1 min) exchange rates in apoNikR have become more protected in the nickel-substituted 
protein.  The time course of H/D exchange observed for Co2+NikR and Zn2+NikR are similar to 
each other and more similar to apoNikR.  In contrast, Cu2+ reveals an H/D exchange time course 
that is similar, but not identical to Ni2+NikR, suggesting that the NikR conformations upon 
Cu2+NikR or Ni2+ binding are distinct from those adopted upon Co2+ or Zn2+ binding. 
 
Figure 2-8.  Deuterium uptake difference (apo minus Me(II) bound) for NikR monomers at room 
temperature (23 °C).  Each time course is labeled by the corresponding metal that is bound with 
1:1 stoichiometry (Me(II):NikR subunit). The error bars are propagated from the standard 
deviations of both apo and Me2+NikR4 time-courses.  Lines are shown only to connect data points 
from each condition. These data were collected from aliquots that had been taken from the 
exchange reaction, flash frozen, stored at  -80°C, and then thawed immediately prior to analysis. 
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2.4   Discussion 
The structural data available for NikR has not given any clear indication of the conformational 
effects of Ni2+ binding on the tetramer.  While the DNA-bound tetramer conformation is clearly 
different from the apo structure, the combination of apo and Ni2+ bound full-length NikRs from E. 
coli, P. horikoshii, and H. pylori in the absence of DNA show a variety of conformations without a 
strict dependence on bound Ni2+ status.1-4 The constraint of crystal packing appears to 
significantly affect the relative arrangement of RHH and ACT domains in the published structures.   
 
One recently published theory of NikR activation contends that the primary effect of Ni2+ binding 
is α-helix 3 stabilization.23  Crystallographic data with metal bound does indicate stabilization of α-
helix 3 (residues 65-78) in response to Ni2+ or Cu2+ binding, relative to the structures of apo 
NikR.1; 2; 24 However, circular dichroism (CD) spectroscopy indicates ~10% increase in α-helicity 
of the metal binding domain (MBD) upon binding of either Ni2+ or Cu2+ relative to apo NikR, 
whereas α-helix 3 represents 50% of the α-helix content of the MBD.24 Therefore several factors 
could be contributing to the lack of observed electron density for α-helix 3 in x-ray crystal 
structures of apo full-length NikR and MBD.  Furthermore, various CD experiments have given 
somewhat contradictory results on the change in ellipticity at 222 nm (characteristic of helicity 
changes) upon binding stoichiometric metals.16; 18; 24 The added complication of protein 
precipitation upon addition of metals to NikR can lead to apparent CD changes due solely to 
differing amounts of material in solution.  To circumvent some of these issues, we chose to utilize 
a different solution based assay.  We have applied H/D exchange mass spectrometry in order to 
observe a shift in the conformational ensemble of NikR due to Ni2+ binding.  This technique has 
the added potential of increased structural resolution over CD when coupled to protease cleavage 
(see below and Appendix B). 
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2.4.1  Ni2+ dependent change in NikR conformation measured by H/D exchange 
kinetics 
The results presented in this chapter show that binding stoichiometric Ni2+ to E. coli NikR results 
in an average conformational change in solution that is measurable by H/D exchange mass 
spectrometry.  The plots presented in Figure 2-6 and Figure 2-7 show a difference in deuterium 
uptake across all measured time points between apo and Ni2+NikR.  The difference at the earliest 
time point (1 min.) represents fast exchanging protons in apo NikR that exchange more slowly in 
the Ni2+ bound conformation.  Relatively unstructured peptides in solution near neutral pH/pD can 
have exchange rates on the order of 10-1000 s-1 whereas structured residues in a folded protein 
can have much slower exchange rates leading to half-lives on the order of seconds to years.5   
 
The temperature dependence of H/D exchange revealed additional features of NikR 
conformational response (see Figure 2-7).  First, the earliest time point shows slightly less 
deuterium uptake difference at 37 vs. 23 °C.  This is consistent with the overall trend between 1 
and 40 minutes, which is a decreasing difference until the minimum at the 40 minutes time point 
for both curves.  Over this time scale, some fast exchanging protons in apoNikR have somewhat 
slowed exchange rates in Ni2+-NikR that eventually exchange fully after 40 minutes.  At higher 
temperature, all exchange rates increase, which apparently leads to a slight loss of the 
observable difference between apo and Ni2+-NikR at short times.  However, a different behavior 
emerges at longer times (≥ 60 min.) where increased temperature apparently causes 
approximately 2 additional slow exchanging protons to exchange faster in apo than in Ni2+-NikR 
at 37 °C.  Taken together, the short time behavior at 23 °C and the long time behavior at 37 °C 
identifies a total of ~10 backbone amide protons per NikR monomer with an observable change in 
H/D exchange kinetics due to a conformational change upon binding Ni2+. 
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The only way to detect a change in H/D exchange kinetics due to a conformational change is to 
observe a measurable mass difference at early enough time points before the somewhat slower 
exchanging residues have undergone isotopic replacement.  For NikR H/D exchange, it is 
possible that better time resolution very early in the exchange reaction would find an even larger 
deuterium uptake difference between the two average conformational states.  Utilization of a 
quench-flow apparatus to do the H/D exchange reaction would allow better resolution of these 
potential differences at very short times.25 This has not yet been done with NikR, but would be an 
excellent area of future study.   
 
In addition, no attempt has been made to correct for “back-exchange” or loss of deuterons during 
the analysis of these data.  When determining absolute deuterium uptake, a correction for 
potential back-exchange gives more accurate results but relies on making a few assumptions and 
the ability to prepare a fully labeled sample under the same reaction conditions at very long 
exchange times.6; 12 However, this is somewhat mitigated when calculating the difference in 
deuterium uptake since several of the factors contributing to back-exchange will be the same for 
both samples.12 Ignoring back exchange only means that the observed difference is a 
conservative lower limit. 
2.4.2  Metal specificity of the conformational change in NikR 
NikR can bind several first row transition metals with a range of measured affinities that follows 
the Irving – Williams series:  Co2+ < Ni2+ < Cu2+ > Zn2+.18 While Ni2+ affinity has been shown to be 
~1 pM,16; 18 the affinity of NikR for Cu2+ was shown to be 4-5 orders of magnitude tighter than 
Ni2+.18 Using x-ray absorption spectroscopy (XAS), the coordination geometry of each of the 
above metals has been determined and a schematic of these complexes is shown in Figure 2-9.14  
While Ni2+ and Cu2+ bind with similar four coordinate planar geometry, the Cu2+ -- S (Cys95) and 
one Cu2+ -- N (His89) bonds are elongated relative to Ni2+, giving a distorted geometry.  A similar 
result was seen with x-ray crystallography when the metal binding domain (residues 48-133) 
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tetramer structure was solved with Cu2+ bound, relative to the Ni2+ bound structure.24 In contrast, 
Co2+ forms a six coordinate octahedral site that does not include a S ligand (no Cys95), and Zn2+ 
forms a four coordinate tetrahedral geometry.  The H/D exchange mass spectrometry results 
presented in this chapter for different Me2+ substituted NikRs correlates with their distinct 
coordination geometry. 
 
Figure 2-9.  Coordination geometries of Me(II)NikR complexes.  Amino acid side-chain ligand 
arrangements are from a combination of XAS studies14 and x-ray crystallography1; 24.  Specific 
residue numbers are given in cases where well-resolved x-ray crystal structures agree with the 
XAS data.  The XAS data for Co2+NikR shows no evidence of cysteine ligation and the best fit 
has 3 histidines and 3 ligands that are possibly histidine or some other N or O ligating residue. 
 
Figure 2-8 shows the deuterium uptake difference time courses (apo minus Me2+-NikR) following 
binding to Ni2+, Cu2+, Co2+, and Zn2+ under identical conditions.  Each of these metals bound to 
NikR has a different H/D exchange time course, indicative of different protein conformations in 
solution.  At all of the time points shown, Ni2+-NikR displays the greatest difference from apo.  
Cu2+-NikR shows similar behavior, but to a lesser degree.  Co2+ and Zn2+ however show 
essentially no difference from apo at the 1 minute time point, and then appear to cause faster H/D 
exchange than apo for some backbone amide protons on the 5 to 20 minute time scale.  Clearly 
the four coordinate planar metal complexes (Ni2+ and Cu2+), which bind the same four amino acid 
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residues in the same geometry as the Ni2+-NikR-DNA co-crystal complex,2 cause a distinct 
conformational change in NikR from that elicited by binding Co2+ or Zn2+. These measurements of 
NikR conformational change in response to Me2+ binding in vitro are consistent with the reporter 
expression results in vivo (see Figure 2-3).  It should be noted that Cu2+ is likely reduced to Cu+ 
within the cell, and the Cu+-NikR complex shows a three coordinate trigonal geometry by XAS.14   
 
While the conformational change of the various Me2+-NikR complexes measured by H/D 
exchange correlates with in vivo repressor activation, it is not a strict predictor of relative operator 
DNA affinity in vitro since Ni2+-NikR and Cu2+-NikR show similar DNA affinities with stoichiometric 
metal bound.26 The high levels of added metals used in the reporter expression assay (Figure 2-
3) could activate NikR DNA binding similar to the affinity measured in vitro in the presence of 
excess metal, where Ni2+-NikR shows greater than an order of magnitude tighter binding than any 
other metal tested.26 
2.4.3  Implications for the NikR allosteric mechanism 
The combination of metal dependent conformational change measured by H/D exchange mass 
spectrometry, coordination geometry measured by XAS, and metal specificity of in vivo NikR 
repressor function has aided our understanding of NikR allostery.  Our observation that at least 
10 backbone amide protons undergo a Ni2+ binding dependent shift in H/D exchange kinetics is 
significant for interpreting whether or not stabilization of α-helix 3 is likely to be the primary 
determinant in activating NikR for DNA binding, as suggested by other investigators.2; 23; 24  The 
apparent increase in helicity of the MBD measured by CD upon binding either Ni2+ or Cu2+ is 
~10%, yet this could be accounted for by 3-4 residues at the ends of α-helix 3 that are less stably 
folded in apo NikR and become more distinctly α-helical due to metal binding.24 Zn2+ and Co2+ 
bind NikR with a different coordination geometry than Ni2+ and Cu2+, and do not cause an 
observable increase in α-helicity by CD.18; 24 Furthermore, Zn2+ and Co2+ bound NikR show very 
little conformational difference from apo NikR as measured by H/D exchange, and do not activate 
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repressor function in vivo.14 A limited proteolysis study found very similar results as the H/D 
exchange data presented here; specifically that stoichiometric Ni2+ binding has the largest effect 
on cleavage patterns, Cu2+ has a similar but reduced effect, while Zn2+ and Co2+ have almost no 
effect.27 That study also made putative sequence assignments of NikR fragments based on mass 
(determined by mass spectrometry) and found several missed cleavage sites outside of α-helix 3 
upon Ni2+ binding.27 These proteolysis results combined with the additional 6-7 backbone amides 
per NikR monomer outside of α-helix 3 with Ni2+ dependent H/D exchange point to the 
involvement of additional residues in NikR allostery.  An initial step in identifying the location of 
these additional important residues using H/D exchange coupled with pepsin cleavage is 
presented in Appendix B.  Moreover, the molecular dynamics simulation analyses presented in 
Chapters 3 and 4 implicate additional residues outside of α-helix 3 that are likely important in 
allosteric activation of NikR.  Finally, mutagenesis studies presented in Chapter 5 include a 
residue outside of α-helix 3 that affect the Ni2+ binding properties and in vivo repressor function of 
NikR. 
2.4.4  Additional applications of H/D exchange mass spectrometry in studying 
NikR structure/function 
H/D exchange mass spectrometry can be extended to provide additional NikR structure/function 
information.  For example, the conformational response to Ni2+ binding of mutants can be 
measured in the same way as the data presented for WT (Figure 2-6 and Figure 2-7). Any 
differences from WT (see Appendix A) provide an interesting context for considering the altered 
Ni2+ binding and repressor function of mutant proteins (see Chapter 5). 
 
While the results presented in this chapter deal only with the H/D exchange properties of a 
complete NikR subunit, H/D exchange mass spectrometry can provide additional structural 
resolution when coupled with protease digestion.5; 6; 12 Preliminary data establishing the utility of 
this approach for studying NikR has been collected and is presented in Appendix B. This 
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approach will provide better resolution for understanding the regions of the NikR structure that 
undergo a conformational change observable by H/D exchange mass spectrometry. 
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Chapter 3 
Molecular Dynamics simulation of NikR:  Equilibrium 
conformational fluctuations reveal interdomain allosteric 
communication pathways† 
3.1   Introduction 
In order to analyze residue interactions in detail within and between the ACT and RHH domains 
of NikR, we chose to utilize equilibrium molecular dynamics (MD) simulation.  MD has been 
developed as a tool to explore the conformational energy landscape of proteins for over 30 
years,1 with several successive improvements in methodology 2-4 and energy functions used to 
describe atomic interactions.5; 6 In the field of molecular simulation, several levels of theory are 
available that trade interaction details for computational cost.  One end of the simulation methods 
spectrum includes quantum mechanics, which models the distribution of electrons around atomic 
nuclei and can explicitly account for the making and breaking of covalent bonds during chemical 
reactions, while being limited to very short (fs to ps) timescales.7; 8 The other end of the spectrum 
includes a variety of coarse-grained models that use much simpler and computationally cheaper 
potentials to simulate long timescale (µs to s) large amplitude motions of biological 
macromolecules including large complexes such as an entire ribosome,9 the GroEL/ES 
chaperone complex,10; 11 and virus capsids.12 Atomistic molecular dynamics represents a 
compromise between detailed interactions and the ability to reach part (ns to µs) of the 
timescales that are relevant for the conformational fluctuations of biomolecules.13-16 Importantly, 
                                                      
† Most of the work presented in this chapter appears in the following manuscript:  Bradley, M.J., 
Chivers, P.T., Baker, N.A. (2008) Molecular dynamics simulation of the Escherichia coli NikR 
protein: equilibrium conformational fluctuations reveal interdomain allosteric communication 
pathways. J. Mol. Biol. 378(5): 1155-73. 
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MD can also include explicit solvent molecules, which are often coupled to macromolecular 
dynamics.17; 18 
 
Molecular dynamics methods have been used with a variety of proteins to find residue 
interactions that are involved in conformational changes.19-24 We performed an MD study of the 
apo-NikR tetramer as an initial step to help identify functionally important NikR residue 
interactions.  A series of both experimental and simulation studies support the functional 
relevance of apo protein conformational fluctuations based on a pre-existing equilibrium of protein 
conformational states in the absence of bound ligands.25-31 Additionally, recent work using 
coarse-grained modeling of several enzymes supports a connection between the conformational 
fluctuations of the apo protein and the motions involved in functionally important conformational 
changes.32; 33 A helpful framework for this idea is provided by the fluctuation-dissipation theorem, 
which states that the response of a system to small perturbations involves fluctuation pathways 
that are present at equilibrium prior to the perturbation.34 
 
The goal of our apoNikR simulation and analysis is to provide insight into conformational 
fluctuations and local interactions involved in allosteric communication between the ACT and 
RHH domains that control structural changes regulating NikR’s DNA binding affinity.  Figure 3-1 
provides a view of the molecular system that we have simulated, which includes a single NikR 
tetramer with explicit solvent and mobile Na+ and Cl- ions.   In the work presented herein, 
analyses of contact and positional correlations within and between residues of the ACT and RHH 
domains have defined networks of residues that connect the Ni2+ and DNA-binding sites and are 
likely important for allosteric control of NikR function.  Several of the residues identified by these 
analyses have been shown experimentally to be important for NikR function (Ni2+ or DNA-
binding).  An additional subset of these residues provides a structural link between experimentally 
identified residues and may help coordinate the allosteric communication between the ACT and 
RHH domains.  Given the structural similarity of the Ni2+ binding ACT domain in NikR with other 
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small molecule binding ACT domains in a variety of other proteins, understanding how ACT 
domain control works in NikR could help elucidate a common regulatory mechanism for several 
ACT-containing systems. 
 
Figure 3-1.  A snapshot of the entire molecular system for the MD simulation presented in this 
chapter.  The system includes an E. coli apo-NikR tetramer (8340 atoms), 28,787 H2O molecules, 
~150 mM NaCl ions (estimated by mole fraction relative to water at 55 M).  The total system size 
is ~95,000 atoms. 
 
3.2   Methods and Theory 
3.2.1  Molecular dynamics simulation 
The NikR molecular dynamics (MD) simulation utilized the AMBER 8.0 molecular modeling 
package35; 36 with the ff99 force field.37 The starting structure for simulation was based on the X-
ray crystal structure of the apo-NikR tetramer (PDB ID 1Q5V)38 with missing backbone atoms 
reconstructed by symmetry between the NikR monomers (generously provided by Eric Schreiter).  
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The WHAT IF molecular modeling package was used to rebuild missing amino acid sidechains 
and eliminate steric overlap through geometry optimization.39 The minimized structure was 
solvated in a periodic truncated octahedron simulation box of ~28,000 TIP3P water molecules40, 
providing a minimum of 10 Å of water between the protein surface and any periodic box edge.  
Sodium and chloride ions41 were added to neutralize the total system and achieve a salt 
concentration of ~150 mM (as estimated by the simulation ion mole fraction and bulk water 
molarity).  AMBER 8.0 was used to first energy-minimize solvent and ions through 5000 steps of 
steepest descent followed by 5000 steps of conjugate gradient minimization.  The entire system 
was then energy-minimized using the same procedure.  Following minimization, the entire system 
was heated in 50 K increments up to 298 K with 10 ps of isobaric-isothermal (NpT) MD 
equilibration per temperature step.  The production simulation was conducted at 298 K and 1 atm 
of pressure with the NpT ensemble using the Berendsen thermostat42 with 1.0 ps coupling 
frequency and the Berendsen barostat42 with 0.2 ps coupling frequency.  The trajectory was 
calculated with 2 fs timesteps using SHAKE43 constraints on hydrogen-heavy atom bonds.  The 
total production simulation length is 81.78 ns, of which the first 30.78 ns were discarded as an 
“equilibration period”.  This extensive relaxation/equilibration period was necessary due to drift in 
the potential energy, which correlates with changes in other observables (see Results for a 
description of criteria used for equilibration).  Snapshots were retained every 10 ps for analysis. 
3.2.2  Simulation analyses 
Equilibration measures 
The sander module of AMBER provides energy output in a text file that was parsed to obtain 
energies as a function of time.  The ptraj module of AMBER 9.0 was used to write out the 
backbone root mean-squared deviation (RMSD) of atomic position relative to the starting 
structure.  The DSSP algorithm44 implemented in the ptraj module of AMBER 9.0 was used to 
calculate relative secondary structure content for each snapshot as a function of time.  Energy, 
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RMSD, and secondary structure plots versus time were all generated using the Xmgrace software 
package (http://plasma-gate.weizmann.ac.il/Grace/) and used to assess simulation equilibration. 
 
Principal component analysis 
As it relates to MD, principal component analysis (PCA) involves diagonalization of the positional 
covariance matrix C  to identify an orthogonal set of eigenvectors or “modes” describing 
directions of maximum variation in the observed conformational distribution.45-48 The elements of 
C  in Cartesian coordinate space are defined as follows: 
€ 
cij = xi − xi( ) x j − x j( )       (3-1) 
where ix and jx  are atomic coordinates and the ...  denote trajectory averages.  Note that the 
protein structures from the trajectory are superimposed to a reference structure to remove overall 
translational and rotational motion prior to the calculation of C .  PCA diagonalization of the 
covariance matrix involves the following eigenvalue problem: 
)()()( ααα λ uuC =        (3-2) 
for the eigenvectors )(αu and the eigenvalues )(αλ .49 As with related methods such as singular 
value decompositions50 and isomaps,51 one motivation for PCA is to reduce the dimensionality of 
the MD trajectory data and provide a concise way to visualize, analyze, and compare large-scale 
collective motions observed over the course of the simulation.  In particular, eigenvectors with the 
largest eigenvalues provide the biggest contributions to the observed covariance.  The “essential 
modes” from a PCA analysis are usually a selection of these eigenvectors and associated 
eigenvalues that collectively account for a large percentage of the total observed motion.49 
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In this work, PCA modes are leveraged to identify large-scale apo-NikR motions which are similar 
to structural transitions between the available NikR crystal structures.  The PCA modes can be 
defined as displacement vectors from the average structure for the MD simulation.  PCA for α 
carbon atoms was carried out using the ptraj module of Amber 9.052.  Using MATLAB 7.4 (The 
MathWorks, Natick, MA, USA), we compared PCA modes ( iv ) with a vector ( xΔ ) describing the 
displacement of α carbon atoms from the minimized starting apo-NikR structure (e.g., PDB entry 
1Q5V38 with missing atoms built in) to the DNA-bound Ni2+-NikR structure determined by X-ray 
crystallography.  This vector was calculated following alignment of the minimized and crystal 
structures with the MD average structure to remove rotation and translation of the center of mass.  
We began by determining whether xΔ  can be reasonably represented in the vector space 
described by various subsets of PCA modes.  This is accomplished by calculating the weight 
factor ( )(iα ) for each PCA mode as follows: 
2
)(
i
ii
v
xv Δ⋅
=α         (3-3) 
and subsequently using a subset S  of modes to calculate a reconstructed vector ( v~ ) as follows: 
 
v = α (i )vi
i∈S
∑         (3-4) 
The similarity between xΔ  and each PCA mode ( iv  or v~ ) is calculated by their overlap as 
measured by the angle between the two vectors: 
xv
xv
Δ⋅
Δ⋅
=)cos(θ        (3-5) 
Furthermore, the relative error in the reconstructed PCA vectors can be computed as: 
€ 
ε =
Δx − ˜ v
Δx         (3-6) 
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This error simply provides a measure of how well the displacement due to the recalculated vector 
recapitulates the observed crystallographic xΔ  and thus allows us to assess the number of 
modes required to accurately represent the conformational change. 
 
Clustering  
To define groups of residues with similar correlation patterns, an “unweighted pair group method 
with arithmetic mean” (UPGMA) clustering algorithm was used.53; 54 To do this, an effective 
“distance” ijd  between contacts/residues 
€ 
i  and 
€ 
j  was defined based on a correlation measure, 
€ 
cij , as follows: 
€ 
dij = 1.0 − cij2         (3-7) 
These distances between contacts/residues represent the strength of the relationship between 
them, with the “closest” contacts/residues having the largest magnitude correlations.  In this work, 
we use this methodology for both the correlation matrix of atomic positions and non-covalent 
contacts (see below).  With an effective distance defined between all contacts/residues, it is 
possible to cluster them using a hierarchical agglomerative approach such as UPGMA53.  This 
method yields a “treelike” representation of correlated residues in which individual residues are 
the “leaves” and clusters of residues are defined by different branch points in the tree at different 
“tree heights.” With this type of data representation, one must select a level of the tree hierarchy 
for defining clusters of residues (see below). 
    
UPGMA clustering “depth first” selection   
After clustering, functional selection criteria were applied to identify clusters containing a network 
of contacts/residues known to be important for NikR function.  In particular, we selected the 
smallest clusters containing at least one contact/residue from the Ni2+ binding site (His76, His87, 
His89, Cys95) and at least one contact/residue from the DNA binding site (Arg3, Thr5, or Thr7).  
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This cluster selection step is considered “depth first.”   We select clusters that have the strongest 
relationship among members while still maintaining at least one contact/residue from a Ni2+ and a 
DNA binding site.  This is in contrast to a “breadth first” selection that requires all Ni2+ and DNA 
binding site contacts/residues to be included.  The “depth first” approach selects a subset of total 
contacts/residues that have the strongest relationship with binding site contacts. This produces a 
subset of NikR residues that are likely involved in a communication network between the Ni2+ and 
DNA binding sites.  Functional information plays an important role in these cluster definitions.  
However, as described in the Results section, it is also possible to use our correlation analysis to 
identify “highly connected” residues without the need for functional information. 
 
UPGMA clustering “completion” step for cluster selection   
An additional “completion” step was used when clustering residues based on the correlation 
matrix (see below) to ensure that all Ni2+ and DNA binding residues were accounted for.  The first 
step is identification of the initial domain-spanning clusters by the “depth first” approach as above.  
Second, the largest clusters that contained at least one Ni2+ or one DNA binding site residue and 
no residues that had been found in the “depth first” step were then identified.  This accounts for 
the remaining binding site residues at the same level in the tree hierarchy as the clusters 
identified in the “depth first” cluster selection step described above. 
 
Correlations in atomic position 
The scalar correlation matrix was calculated across all α carbon atoms of the NikR tetramer using 
the ptraj module of AMBER 9.0.52 The elements of this matrix, 
€ 
sij , assign a value between -1.0 
and 1.0 that indicates the degree to which the fluctuations of atom 
€ 
i  are correlated with those of 
atom 
€ 
j  over the course of the MD trajectory according to the following equation55:   
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€ 
sij =
Δri ⋅ Δrj
Δri ⋅ Δri Δrj ⋅ Δrj
     (3-8) 
where 
€ 
Δri and 
€ 
Δrj  are the displacement vectors for atoms 
€ 
i  and 
€ 
j  and the 
€ 
...  denote 
trajectory averages. 
 
Correlation patterns apparent in this matrix were analyzed (see Figure 3-6) to define groups of 
NikR residues with similar correlation patterns.  This grouping utilized the UPGMA clustering 
algorithm described above including the “depth first” selection criteria and the “completion” step.  
The residues included in each cluster are listed in Table 3-2. 
 
Correlations in non-covalent contacts 
Non-covalent contacts, including hydrogen bonds and salt-bridges, were analyzed for correlations 
to help identify the residues involved in potential communication networks connecting the Ni2+ 
binding sites to the DNA-binding domains.  Nonpolar contacts were omitted from the correlation 
analysis for two major reasons.  First, one of the goals of this study is to suggest positions for 
mutagenesis; alteration of a nonpolar contact is often more likely to adversely affect protein 
stability.  Second, nonpolar contacts are more numerous throughout the protein structure and 
therefore more difficult to uniquely define as binary variables for correlation purposes.  Individual 
contacts were treated as binary variables that were either “on” or “off” for each snapshot from the 
apoNikR MD trajectory.  A useful measure of correlation between binary variables is the φ  
correlation metric56, a binary variant of the standard Pearson correlation.57 The φ  correlation can 
range between -1.0 and +1.0, indicating complete negative and positive correlation, respectively.  
A φ  value of 0.0 indicates lack of correlation.  The calculation of φ  values for all possible pairs of 
non-covalent contacts across the NikR MD trajectory proceeded as follows: 
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1. A list of observed contacts was generated for each MD snapshot using the program 
PDB2PQR (http://pdb2pqr.sourceforge.net/).58; 59 For hydrogen bonds, lists of H-bond 
donor (D) and acceptor (A) heavy atoms were defined based the following criteria:  D to A 
distance ≤  3.4 Å and the A-D-H angle ≤ 30°.60 For salt bridges, both positively and 
negatively charged heavy atoms were defined by considering amino acid sidechains that 
carry a formal charge.  Salt-bridges were then assigned whenever both a positively 
charged atom and a negatively charged atom were ≤ 4.0 Å.61 To remove redundancy in 
counting multiple interactions between residues, contacts were defined and counted as 
side chain–side chain, side chain–backbone, or backbone–backbone. Contact lists for 
each snapshot only allowed one instance of each type of contact between any 2 residues 
within each snapshot. 
2. The contact lists for all snapshots were parsed in order to populate the contact 
occupancy matrix B, an 
€ 
N × N  matrix where 
€ 
N  is the total number of unique contacts 
observed throughout the entire simulation.  The diagonal of B stores the total number of 
snapshots in which each contact is observed, and the 
€ 
i, j  off-diagonal elements store the 
total number of snapshots in which both contacts 
€ 
i  and 
€ 
j  were observed. 
3. For each 
€ 
i, j  contact pair, the following frequencies were calculated using B:  n00, the 
number of times both contact 
€ 
i  and 
€ 
j  were “off”; n10, the number of times contact 
€ 
i  was 
“on” while contact 
€ 
j  was “off”; n01, the number of times contact 
€ 
i  was “off” while contact 
€ 
j  was “on”; n11, the number of times both contacts 
€ 
i  and 
€ 
j  were “on”.  Given these 
frequencies, the ijφ  correlation value was calculated from
56: 
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The significance of a correlation value is generally dependent on the number of independent 
observations.  In the case of φ  correlation, there is a simple relationship that provides an 
effective chi-squared value for significance56: 
N22 φχ =         (3-10) 
where N  is the number of independent data observations used to compute the correlation.  
Because MD snapshots are intrinsically correlated over varying time scales depending on the 
observable of interest, N  was estimated separately for each 
€ 
i, j  pair of observed contacts.  In 
particular, we approximated 
€ 
N  by the number of times that each contact was both made and 
broken over the course of the simulation (representing the number of “on” and “off” states).  This 
quantity was defined as in , and used in the following equation: 
€ 
N =min(ni,n j )        (3-11)  
The φ  correlations between 
€ 
i, j  pairs were considered significant when 2ijχ  is greater than or 
equal to the threshold value for the 95% confidence interval using 1 degree of freedom for the 
binary nature of the data 56; 62.   
 
The set of statistically significant contact correlations gives a large data set with 91,934 elements 
for the 532 residue NikR tetramer.  To parse these data and find correlations that may be 
important for NikR function, the contact correlation data were used as input for the UPGMA 
clustering algorithm described above.  Only the “depth first” cluster selection step was used here.  
This cluster selection finds a smaller number of total contacts, which have the strongest 
relationship with binding site contacts.  A subset of NikR residues form our selected groups of 
contacts (see Figure 3-9 and Table 3-3) and are likely involved in a communication network 
between the Ni2+ and DNA binding sites. 
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3.2.3  Multiple sequence alignment and positional conservation 
The E. coli NikR sequence (FASTA sequence from PDB ID 1Q5V) was used as the input for the 
NCBI BLASTP server (http://www.ncbi.nlm.nih.gov/blast/).63 The search was performed against 
the non-redundant database with default parameters except that sequences with an E-value less 
than 1.0 were retained.  A multiple sequence alignment (MSA) was constructed using 
CLUSTALW 1.8164 with the BLOSUM substitution matrix series and otherwise all default 
parameters.  This alignment was hand-pruned to remove sequences that were significantly 
shorter than E. coli NikR or that introduced large gaps into the alignment.  The resulting 
sequences were re-aligned with CLUSTALW.  Sequences were removed from this alignment if 
they did not have the His76, His87, His89, and Cys95 (E. coli NikR numbering) Ni2+ binding 
residues.  The remaining sequences were re-aligned as above and the resulting MSA was further 
pruned such that no pair of sequences was greater than 80% identical, followed by an additional 
re-alignment.  This process yielded a final MSA containing 82 sequences with an average 
sequence identity of 30.3%.  The final MSA was used as input for the web-based Scorecons 
program (http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl)65 to 
calculate the positional conservation score for each position in the MSA.  The valdar01 scoring 
method was used with the BLOSUM45 substitution matrix.  The positional sequence conservation 
values are reported in parentheses in Table 3-4 under the “Sequence Conservation” heading.  
Each position was then assigned a “high” (≥ 0.6), “moderate” (0.45 – 0.59), or “low” (≤ 0.44) level 
of sequence conservation. 
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3.3   Results 
3.3.1  Equilibration measures 
Molecular dynamics of apo-NikR was performed as described in Methods and Theory.  Before 
analyzing the conformational fluctuations of the NikR tetramer (532 residues) observed during the 
MD simulation, it was important to assess whether or not the simulation achieved equilibrium or 
steady-state sampling.  The evolution of the RMSD relative to the starting structure has been 
used to estimate equilibration and simulation stability in other systems.23; 24 An initial rapid rise 
was observed in RMSD that leveled off around 10 ns (see Figure 3-2), but with substantial 
continued fluctuation between 2.5 and 4.5 Å.  An examination of the dihedral potential energy 
revealed a systematic decrease over the first 30 ns of the simulation (Figure 3-3 and Figure 3-4).  
At least part of the dihedral energy drift appeared to correlate with changes in secondary 
structure over time (see Figure 3-5).  Using secondary structure assignments from DSSP44 as 
implemented in the ptraj module of AMBER 9.036, this secondary structure change appeared to 
be caused by a loss of α-helix with a concomitant gain in 310-helix content, mainly in helix B of the 
RHH domain and helix C of the ACT domain.  Taken together, these data showed a clear 
systematic drift in the MD trajectory that leveled off at ~30 ns. 
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Figure 3-2. Root mean-squared deviation (RMSD) for the full trajectory.  The RMSD was 
calculated using backbone atoms only.  The data was calculated using the ptraj module of 
AMBER 9.0. 
 
 
Figure 3-3.  Drift in the total potential energy over time, as reported from the “sander” module of 
AMBER 9.0. 
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Figure 3-4.  Drift in the potential energy of dihedral angles over time, as reported from the 
“sander” module of AMBER 9.0. 
 
Figure 3-5.  Changes in secondary structure with time as calculated by the DSSP44 algorithm as 
implemented in the AMBER 9.0 ptraj module.  The colors denote secondary structure elements: 
black, α-helix; red, anti-parallel β-sheet; green, coil; blue, β-turn; purple, 3-10 helix. 
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The conformational effect of this systematic drift was also apparent in the correlation matrix of 
atomic positions. Correlation matrices were calculated for the α carbon position of each residue 
(532 total; 532×532 matrix).  For comparison, the correlation matrix without the first 10 ns 
(change in RMSD) was compared with the matrix calculated without the first 30 ns (systematic 
drift in potential energy).  Clearly, inclusion of the simulation data between 10 to 30 ns has a 
strong effect on the correlation matrix (see Figure 3-6), leading to the conclusion that the 
systematic drift apparent over the first 30 ns of the simulation gives rise to correlated motions due 
to concerted structural changes rather than equilibrium fluctuations of the system.  Therefore, 
only the last 51 ns of the simulation were used for subsequent analyses. 
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Figure 3-6. Cα correlation matrices.  Last 71 ns (A) and last 51 ns (B).  The data from the matrix 
that includes earlier non-equilibrated structural change has systematically larger (anti)correlations 
within 2 of the 4 subunits.  Figure generated using MATLAB 7.4 (The MathWorks, Natick, MA, 
USA). 
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3.3.2  Principal component analysis 
Principal component analysis (PCA) yields a set of modes (eigenvectors) that represent a 
nonredundant set of motions observed in the MD trajectory for a set of selected atoms.45-48 PCA 
was carried out on the simulation data using the α carbon of each of the 532 residues in the NikR 
tetramer.  This analysis yields 
€ 
3N  total modes, where 
€ 
N  is the number of atoms included, giving 
a total of 1596 modes.  The first mode can be interpreted as the principal axis of the largest 
atomic fluctuations represented in the covariance matrix, e.g., the direction of maximum variation 
in conformation observed over the course of the molecular simulation.  Each subsequent mode 
represents the next largest principal axis of atomic fluctuations orthogonal to all previous axes.  
Every PCA mode is also associated with an eigenvalue, which corresponds to the amplitude of 
fluctuations along that mode.  Therefore each eigenvalue, divided by the sum of all eigenvalues, 
represents the relative contribution of a mode to the total conformational variance observed 
during the simulation. 
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Figure 3-7. X-ray crystal structure, ANM eigenvector displacement, and PCA eigenvector 
displacement visualizations.  (A.) The minimized starting structure is shown in tube representation 
colored by chain.  The blue “porcupine needles”21 indicate the direction of displacement in going 
from the apo to the DNA-bound Ni2+-NikR crystal structure, denoted as xΔ  in the text.  (B.) The 
minimized starting structure (“ANM Mode 1”) is shown in tube representation colored by chain.  
The blue “porcupine needles” indicate the direction of displacement based upon the 1st normal 
mode calculated from the anisotropic network model66, which has the highest overlap with xΔ .  
(C.) The MD average structure (“PCA Mode 2”) from the last 51 ns is shown in tube 
representation colored by chain.  The blue “porcupine needles” indicate the direction of 
displacement based upon the 2nd PCA mode, which has the highest overlap with xΔ . The 
bidirectional arrows indicate which set of two displacements is being compared based on the 
calculated vector overlap (value shown, see Methods and Theory). 
 
The PCA analysis provided a means to determine whether the observed equilibrium 
conformational fluctuations resemble the transformation between the apo-NikR and DNA-bound 
Ni2+-NikR crystal structures.  The observed PCA modes, iv , were compared with a “structural 
change vector”, xΔ , defined by aligning the DNA-bound crystal structure with the minimized apo-
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NikR structure (e.g., the starting MD conformation described in the Methods and Theory section) 
and calculating the change in position of each α carbon.  A “completeness” test was performed to 
ascertain if xΔ  could be adequately described using a subset of the PCA modes as a basis set 
(Eq. 3-6 in Methods and Theory).  The full basis set of 1596 PCA modes gave high overlap 
(
€ 
cos(θ) , Eq. 3-5) of 0.999 and low error of 0.034 (ε, Eq. 3-6) when used to represent the xΔ  
observed in X-ray studies (see Table 3-1).  From this PCA basis set, minimal sets of modes were 
identified that represented increasing fractions of the observed displacement between apo and 
DNA-bound NikR.  Table 3-1 lists the mode overlaps between xΔ  and the “top 10” PCA modes 
based on the magnitude of the eigenvalues.  The first and largest PCA mode accounts for 41.7% 
of the total motion, but has only a small overlap (
€ 
cos(θ)  = 0.125) with the observed changes in 
the X-ray structure.  This largest mode represents an asymmetric twisting of one RHH dimer 
relative to the rest of the NikR structure.  This twisting motion occurs along the long axis of the 
NikR molecule.  The second PCA mode accounts for 13.2% of the total motion and has a strong 
overlap (
€ 
cos(θ)= 0.811).  This second mode is a highly symmetric "flapping" motion of both RHH 
dimers relative to the ACT tetramer that clearly resembles the conformational change necessary 
to transform the apo-NikR crystal structure into the DNA-bound Ni2+-NikR structure (see Figure 3-
7).  Together, the first 10 modes account for 81.9% of the total motion.  A “reconstructed vector” 
that consists of the first 10 modes re-weighted by their respective )(iα  also has a high overlap of 
0.932 with xΔ .  In other words, the conformational fluctuations represented by the first 10 PCA 
modes can be used to provide a reasonable representation of a conformational change that is 
expected to be functionally relevant.  To further demonstrate that the NikR structure encodes this 
functionally relevant conformational fluctuation, we also calculated normal modes using a coarse-
grained anisotropic network model (ANM).66 The first (largest displacement) mode has the 
highest overlap with xΔ , and has a similarly high overlap with the second PCA mode from apo-
NikR MD (see Figure 3-7).  Together these data show that the same collective global motions 
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encoded by the NikR structure can be determined at multiple levels of theory with different 
interaction potentials (ANM is a collection of simple springs connecting α carbons). 
 
Table 3-1. PCA mode overlap with the NikR structural change vector.  As described in the text, 
the PCA modes describe a vector displacement of all Cα positions and are indexed by 
decreasing magnitude (eigenvalue).  The “structural change vector” is calculated by comparing 
the Cα positions of the minimized apoNikR crystal structure (PDB ID 1Q5Y with missing atoms 
built in) with the Ni2+DNA-bound NikR crystal structure (PDB ID 2HZV).  Equations for the vector 
overlap- cos(θ), α(i), and the error can be found in Methods and Theory section of the 
manuscript. 
Mode 
Index 
Eigenvalue % of 
Motion 
cos(θ) α (i) Error* 
1 590.948 41.7 -0.125 -19.14 0.992 
2 187.356 13.2 -0.811 -121.4 0.573 
3 129.591 9.1 0.157 23.66 0.551 
4 78.895 5.6 -0.307 -46.13 0.462 
5 44.271 3.1 0.150 23.18 0.441 
6 39.941 2.8 -0.044 -6.52 0.439 
7 34.617 2.4 0.211 31.75 0.387 
8 24.542 1.7 -0.138 -20.75 0.364 
9 17.087 1.2 -0.017 -2.56 0.364 
10 12.447 0.9 -0.020 -3.20 0.364 
First 10 (sum) 1159.695 81.9 0.932 -- 0.364 
All 1596 (sum) 1416.344 100 0.999 -- 0.034 
See Methods for cos(θ), α(i), and error formulae. *For modes 1-10 the error is 
cumulative from mode 1 up to the specified mode. 
 
3.3.3  Correlation matrix based residue clustering 
An additional set of observables of interest in the simulation includes correlations in the 
equilibrium fluctuations of atomic position between sets of residues.  A compact representation of 
this data is the covariance matrix, which for a chosen set of atoms expresses the variances 
(matrix diagonal) and covariances (off-diagonals) in Cartesian coordinates.  In 3-dimensional 
space, the covariance matrix is 
€ 
3N × 3N  for 
€ 
N  selected atoms.  The scalar correlation matrix is 
instead 
€ 
N × N  and simply contains the mean-squared correlations (range -1.0 to 1.0, see Eq. 3-
8 in Methods and Theory) between all 
€ 
N  atoms in the off-diagonals and 1.0 along the diagonal.  
The scalar correlation matrix can be visualized to observe how motions in different regions of the 
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protein are correlated (see Figure 3-6).  By using the magnitude of the (anti-)correlation of α 
carbons as an effective distance (see Methods and Theory), protein residues were clustered into 
groups whose motions were correlated with Ni2+ and DNA binding site residues (see Figure 3-8) 
where selected clusters are plotted as blocks of color on the NikR structure (see also Table 3-2).  
Three clusters that connect the Ni2+ and DNA binding sites are shown (red, green, and blue), as 
well as an additional cluster contained within one RHH dimer (orange).  This analysis allows 
visualization of dynamic correlations as structural connections between groups of residues that 
could be important for NikR activation upon Ni2+ binding. 
 
Figure 3-8. Residue clusters based on the correlation matrix.  Clusters generated using the 
UPGMA algorithm were selected based on including either/both Ni2+ and DNA binding site 
residues.  These clusters imply groups of residues with concerted conformational fluctuations that 
could be important for inter-domain communication.  Different clusters are indicated by color, 
except cyan, which indicates residues not found in the selected clusters. 
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Table 3-2. Individual residues (by chain) that are included in the colored clusters plotted on the 
NikR structure in Figure 3-8.  These clusters were generated using the residue-residue 
correlations from the correlation matrix and the UPGMA clustering algorithm.53 
Cluster 1 (blue) Cluster 2 (red) Cluster 3 (green) Cluster4 (orange) 
Chain A: 7-16 Chain A: 3-6, 17-40, 
50-58, 82-86, 98-113, 
124-133 
Chain A: 59-81, 87-
97, 114-123 
Chain C: 1-14, 32-40 
Chain B: 1-3, 42-54, 
72-87, 101-111, 128-
130 
Chain B: 4-18, 55-66, 
88-100, 112-127 
Chain B: 19-39 Chain D: 1-45 
Chain D: 57-72, 85-
99 
Chain D: 49-54, 73-84, 
100-108, 128-131 
Chain C: 51-118, 
120-133 
 
 
3.3.4  Non-covalent contact correlations 
One observable that reports on equilibrium conformational fluctuations is the making and 
breaking of non-covalent bonds or “contacts” in residue—residue interactions.  We hypothesize 
that significant correlations between contact fluctuations indicate energetic connections between 
regions of the protein that are not apparent from a static structure.   Using contact definitions 
provided in the Methods and Theory section, correlation statistics between all 
€ 
i, j  pairs of 
contacts were calculated according to the ijφ  binary correlation measure.  By utilizing the 
connection between ijφ and 
2χ  (see Eqn. 3-10), correlations could be classified as “significant” 
at a 95% confidence interval, leading to the discovery of networks of residues with significantly 
correlated contacts that connect the Ni2+ and DNA binding domains of NikR.  Furthermore, certain 
residues are categorized as highly connected “hubs” in these networks (residues marked with a 
“#” in Table 3-4).  
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Table 3-3. List of important non-covalent contacts from 
€ 
φ  correlation clustering based on the 
UPGMA “depth-first” methodology.  Residues are identified by chain (e.g., A, B, C, D).  Contacts 
are denoted as backbone-backbone (bb), sidechain-sidechain (ss), or sidechain-backbone (sb or 
bs). 
Cluster Residues 
1 2D-8C bb, 2D-1D sb, 2D-10C ss, 3D-2D bs, 102A-80A sb, 102A-82A sb, 22C-
113D ss, 22C-18C ss, 110A-48A ss, 42D-43D ss, 42D-39D sb, 42C-127C ss, 
95C-87C ss 
2 33B-7A sb, 65D-63D ss, 69A-66A ss, 46D-109D ss, 62A-73C ss, 33B-29B sb, 
62D-76B sb, 62D-73B sb, 27B-30B ss, 125D-57D bb, 125D-57D bs, 127D-123C 
sb, 62A-92A sb, 70A-66A ss, 82A 78A sb, 92A-63A ss, 122A-130B sb 
3 3B-7A ss, 42D-109D ss, 74D-71D sb, 75B-85B ss, 76A-72A sb, 42A-38A bb, 
50A-40A sb 
4 76C-73C bb, 79C-77C bb, 78C 74C bb, 78C-75C bb, 131D-133D sb, 46A-47A 
ss, 109A-105A bb, 69C-65C bb, 78C-74C sb, 68C-65C bb, 3C-7D ss, 42A-38B 
sb, 133B-132B bs 
5 41A-37A bb, 7D-29C ss, 62A-76C sb, 85C-75C ss, 51D-104D ss, 50A-132A ss, 
46D-109D bs, 37B-11A ss, 31C-28C bb, 109D-46D ss. 118B-114B bb, 64B 120B 
sb, 119C-114C ss, 73C-69C sb, 123D-34C bs, 65D-69B sb, 120B-117B bb, 70B-
118B sb, 121B-117B bb, 25C-34C ss, 31C-27C bb 
6 79C-76C sb, 116D-113D bb, 114D-111D bb, 114D-110D bb, 117D-113D bb, 
117D-114D bb, 11D-9D bs, 50A-47A ss, 49A-47A bs, 20C-16C sb, 47A-49A sb, 
22B-18B ss, 61A-120A bb, 62A-77C ss, 21B-18B bb, 23B-34B ss, 23B-22B sb, 
21B-17B bb, 25B-20B bb, 22B-18B bb, 22B-19B bb, 35B-31B bb, 32B-28B bb, 
69B-66B bb, 69B-66B sb, 7A-29B bb, 29B-5A sb 
7 33D-7C ss, 7C-29D sb, 1A-10B bs, 87A-76C ss, 87A-97A ss, 65C-63C sb,  
45A-41A bb 
8 76D-79D ss, 33A-29A bb, 7B-29A bs 
 
The clusters selected based on the “depth first” criteria for non-covalent contact correlations (see 
Table 3-3) are shown mapped onto the NikR structure in Figure 3-9.  Three key regions had a 
high concentration of these residues (see Figure 3-9B):  helix d (residues 60-65), the turn into 
beta strand 5 (residues 118-122), and helix b (residues 27-42).  Residues associated with the 
selected contacts irrespective of chain ID are mapped onto the structure.  These three regions 
contain several evolutionarily conserved residues as determined by MSA (see Methods and 
Theory) and include residues known experimentally to be important for NikR function (see Table 
3-4).  A visual representation of the MSA is included in Figure 3-12.  Several of the non-covalent 
contacts that are correlated with Ni2+ and DNA-binding site contacts (see Figure 3-9A) bridge the 
3 regions highlighted in Figure 3-9B and directly connect these regions to binding site residues.  
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This is illustrated in Figure 3-10, where a subset of residues from Table 3-4 are mapped onto the 
NikR structure along with non-covalent contacts selected by our clustering method.  The top ten 
residues, irrespective of chain ID, that “own” the largest number of contact correlations in the 
selected clusters (see Table 3-3) are marked with “*” in Table 3-4.  These residues are highly 
interconnected within the network of contact correlations selected by our analysis based on 
binding site residues.  All of the residues marked with either “*” or “#” in Table 3-4 are included in 
Figure 3-10.  This combined set of analyses has identified specific residue-residue contacts that 
bridge the ACT and RHH domains, connecting the Ni2+ and DNA binding sites. 
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Figure 3-9. Protein regions identified by non-covalent contact correlations. A.  Residues colored 
blue were selected using the UPGMA clustering criteria of finding the smallest clusters that 
include both Ni2+ and DNA binding site residues. The non-covalent contacts selected by this 
method are shown in red dashes. B.  Color same as A, except residues are colored based on 
residue number irrespective of chain, thereby emphasizing the symmetry of the tetramer.  The 
nickel binding residues are colored red (only His76, His87, and Cys95 were found in the UPGMA 
clusters).  The remaining nickel binding residue, His89, is colored yellow.  The three green ovals 
each highlight one example of the three regions with a concentration of correlated contacts: i. 
Helix B (residues 27-31, 33, 34, 37 to 48), ii. the end of helix D and turn leading into strand 5 
(residues 117-123), iii. end of strand 2 and Helix C (residues 62-66 and 68-80). 
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Figure 3-10.  This figure shows subsets of residues from Table 2 mapped onto the NikR 
structure:   (A) residues that connect the Ni2+ binding site to the RHH/ACT interface and (B) the 
RHH domain and RHH/ACT interface.  Individual protein chains are colored grey, orange, tan, 
and blue.  Ni2+ binding residues are colored green; residues that make sequence-specific DNA 
contacts are colored red.  Red dashes indicate correlated non-covalent contacts selected by 
UPGMA clustering (see Methods and Theory).  Selected residues are shown in CPK rendering 
and labeled by residue type/number. 
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3.4   Discussion 
We have used an MD simulation, together with new non-covalent contact and position correlation 
clustering methods, to investigate the mechanism of allostery in the NikR protein.  Our hypothesis 
is that the dynamics observed in the apo-NikR MD simulation contain functionally relevant 
conformational fluctuations.  The lack of Ni2+ in these simulations prevents us from drawing 
detailed conclusions about the specific role of Ni2+as compared to other transition metal ligands.  
However, our overall approach and its relevance to NikR function is supported by comparison of 
the dominant modes of motion from PCA with the conformational change necessary to transform 
the apo-NikR crystal structure into the DNA-bound Ni2+-NikR structure.  A similar large-scale 
motion was described using coarse-grained modeling by Cui and Merz,67 and is shown for 
comparison in Figure 3-7 (ANM eigenvector displacement).  The new contact and position 
correlation methods are utilized to find clusters of residues that share similar correlation patterns 
with Ni2+ and DNA binding site residues.  This results in the identification of a network of residue 
interactions that connect the two types of NikR binding sites and further highlights individual 
residues that could be important allosteric communication links.  Several of these residues are 
evolutionarily conserved among members of the NikR family; those residues found in the Ni2+ 
binding domain could represent important control points that are common elements in ACT 
domain control of biological activity.  
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Table 3-4. NikR residues selected from computational analyses. Computational significance 
denoted by:  A, contact correlation clusters that include Ni2+ and DNA binding site residues; B, 
domain-spanning correlation matrix clusters;  *, top 10 residues in number of contact correlations 
within the selected clusters; “#”, top 4 residues in total number of significant contact correlations.  
Sequence conservation is denoted by position conservation scores from the Scorecons given in 
parentheses (see Methods section).  Those residues with “unknown” experimental significance 
have not yet been tested and represent positions for which mutation is predicted to alter NikR 
function. 
 
Residue Experimental Significance 
(references) 
Computational 
Significance 
Sequence 
Conservation 
Arg3 Specific DNA binding68 A,B High (0.83) 
Thr5 Specific DNA binding69 B High (0.62) 
Thr7 Specific DNA binding69 A,B, * High (0.81) 
Asp9 Unknown A,B, # Moderate (0.58) 
Arg22 Unknown A,B,* Moderate (0.45) 
Asn27 Non-specific DNA contact69 A,B High (0.64) 
Arg28 Non-specific DNA contact69 A,B High (1.00) 
Ser29 Non-specific DNA contact69 A,B, * High (1.00) 
Glu30 Low-affinity metal site69; 70 A,B High (0.81) 
Arg33 Non-specific DNA contact69 A,B High (0.87) 
Asp34 Low-affinity metal site69; 70 A,B Moderate (0.71) 
Arg37 Unknown A,B, # High (0.85) 
Gln42 Unknown A,B,* Low (0.41) 
Tyr58 Ni2+ site H-bond network38 B High (0.60) 
Tyr60 Close proximity to Ni2+ site38 A,B High (0.86) 
His62 Close proximity to Ni2+ site38 A,B, *, # High (0.83) 
Lys64 Non-specific DNA contact69 A,B Low (0.38) 
Arg65 Non-specific DNA contact69 A,B,* Moderate (0.52) 
Ser69 Unknown A,B,* Moderate (0.51) 
Gln75 Ni2+ site H-bond network38 A,B High (0.74) 
His76 High-affinity Ni2+ binding site38 A,B, * High (1.00) 
His87 High-affinity Ni2+ binding site38 A,B High (1.00) 
His89 High-affinity Ni2+ binding site38 B High (1.00) 
Cys95 High-affinity Ni2+ binding site38 A,B High (1.00) 
Glu97 Reduced Ni2+ and DNA binding upon 
mutation71 
A,B High (0.98) 
Gln109 Unknown A,B,* Moderate (0.49) 
Asp114 Unknown A,B,* Moderate (0.47) 
Ile116 Low-affinity metal site69; 70 B Low (0.39) 
Gln118 Low-affinity metal site69; 70 A,B, # Moderate (0.45) 
Arg119 Non-specific DNA contact69 A,B High (0.62) 
Val121 Low-affinity metal site69; 70 A,B High (0.82) 
3.4.1  Correlation analysis methodology 
While previous investigators have considered patterns in correlation matrices obtained from 
molecular simulations14; 72, the methods presented here combine automatic clustering of residues 
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based on both position and contact correlations with further refinement using functional 
information about allosterically-linked sites of the molecule.  Inclusion of multiple functional sites 
in the cluster selection method can result in relatively large clusters, which parse the NikR 
structure into regions that have significant connections manifested by the observed correlation.  
While these residue clusters are likely involved in inter-domain communication, they do not show 
individual residue interactions that could be important for the allosteric mechanism.  The most 
significant methodological development in this work is the analysis of non-covalent contact 
correlations to measure fluctuations in “interaction space.”  This contact correlation analysis 
approach provides a more local view of interactions, which complements the global motions 
typically identified with PCA or the position clustering methods described in this manuscript.  The 
interpretation of the results of these position and contact correlation analyses is based on the 
hypothesis that such correlations imply structural and energetic connections between residues 
important for changes in NikR conformational distributions due to Ni2+.  This interpretation is 
supported by the observation that several identified residues have functional consequences when 
mutated, appear to be important in the crystal structure of the NikR-DNA complex, and/or are 
evolutionarily conserved (see Figure 3-11 and Table 3-4).  The usefulness of this approach is 
further supported by a related recent study of allosteric protein structures which analyzed local 
changes in contacts to successfully identify residue interaction networks.73  The residues 
identified by our method do not provide direct physical information about the series of events that 
generate the structural changes in NikR; however, they do provide a starting point for subsequent 
experimental and computational studies designed to specifically determine the pathways for 
allosteric changes in the protein. 
3.4.2  Identification of residues implicated in NikR allostery 
We observe groups of non-covalent contact correlations between three regions of the NikR 
structure identified in Figure 3-9 and the Ni2+ and DNA binding sites.  When taken together with 
the domain-spanning clusters identified from the positional correlation matrix, a picture emerges 
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of a pathway connecting the two functional sites that could transfer energy and information such 
as nickel binding site occupancy.  This pathway is made up of the residues listed in Table 3-4 and 
mapped on the NikR structure in Figure 3-10.  The pathway includes several residues with known 
experimental importance combined with an additional subset that structurally connects these 
residues with the Ni2+ and DNA binding sites. 
 
The PCA results support the idea that the apo-NikR simulation contains functionally relevant 
conformational fluctuations by demonstrating that the displacement necessary to go from the apo 
to the DNA-bound X-ray crystal structures is well represented by the second PCA mode and by a 
weighted combination of the first 10 PCA modes.  While the simulation does not undergo full 
conformational transitions between states similar to the apo, Ni2+ bound, and Ni2+-DNA bound 
crystal structures, it does sample local fluctuations that are likely important to the allosteric 
transitions.  The connection between apo-NikR conformational fluctuations and functionally 
relevant residue interactions is further borne out by a close inspection of NikR-DNA interactions 
from the X-ray crystal structure in Figure 3-11.  In this figure, the labeled protein residues 
correspond with the three groups identified in Figure 3-9 from our non-covalent contact 
correlation analyses.  All three groups contain residues that make non-specific contacts with the 
DNA phosphate backbone.  In addition, the residues flanking R119 from one group along with 
residues E30 and D34 from another group form the cation-binding site that helps stabilize the 
DNA-bound conformation.69  Thus our analyses of equilibrium conformational fluctuations of the 
apo structure have identified residues that are apparently important in nickel-activated DNA 
binding. 
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Figure 3-11. Close-up view of NikR-DNA interactions from the crystal structure (PDB ID 2HZV69).  
Protein chains are in “cartoon” rendering and colored red, tan, and green.  Ni2+ atoms are shown 
as cyan spheres while K+ is shown in pink.  The DNA backbone is outlined in “tube” rendering 
and colored tan while nucleotides are in “bond” rendering and colored by atom type.  Protein side-
chains for residues 63-66 are in “bond” rendering and colored by atom type while residues 30, 33, 
34 and 118-122 are in “CPK” rendering and colored by atom type.    The labeled protein residues 
correspond with the three groups identified in Figure 5 from MD analysis of apoNikR 
conformational dynamics.  All three regions contain residues that make non-specific contacts with 
the DNA phosphate backbone.  In addition the residues flanking R119 from one region along with 
residues E30 and D34 from another region form the cation-binding site that apparently helps 
stabilize the DNA-bound conformation. 
 
Other studies have introduced the idea of shifting a pre-existing conformational equilibrium19; 20; 22; 
25; 74 in allosteric systems, including the original Monod, Wyman, and Changeaux model of protein 
allostery.75 The fluctuation-dissipation theorem 34 supports the idea that the apo protein ensemble 
should include fluctuations that are involved in shifting the conformational ensemble to the 
(de)activated state upon ligand binding.  More recent experimental31 and computational27; 76 
studies further support this view of protein allostery.  In this study, correlations between residues 
resulting from fluctuations in atomic position and non-covalent contacts are interpreted as 
reporting on important interactions for the allosteric mechanism of NikR 
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The residues in Table 3-4 and Figure 3-10 reveal a number of sites that can be targeted for 
further experimental analysis.  The computational significance column of Table 3-4 indicates 
which of the analyses presented in this study found at least one instance of each residue.  
Several of the residues were identified by more than one computational analysis, and those with 
unknown experimental significance were included in the table based on being highly 
interconnected in the contact correlation analysis.  Those residues marked with “#” in Table 3-4 
had the largest total number of significant contact correlations; these can be thought of as “hubs” 
in the interaction network that were selected in an unbiased way without assuming knowledge of 
interactions that are important for NikR function.  The association of hub residues with function in 
Table 3-4 suggests that it is possible to apply our contact correlation method without prior 
knowledge of important functional sites.  The UPGMA clustering method used here does not 
depend on such knowledge, and simply provides a hierarchical tree of significant contact 
correlations, which can be parsed in a variety of ways.  However, because the Ni2+ and DNA 
binding site residues are known, that information can also be used to select a subset of 
“important” contact correlations.  The residues marked with “*” in Table 3-4 had the largest 
number of these correlations selected based on the functional criteria described in the Clustering 
section of Methods and Theory.  Residues marked with both “*” and “#” could be particularly 
important for transducing the Ni2+ binding signal and therefore of significant interest for future 
experimental study.  Residues that have “unknown” experimental significance in Table 3-4 have 
not yet been tested but are positions at which mutations are predicted to alter NikR function.  The 
majority of the residues in Table 3-4 are also conserved or have conservative mutations for other 
NikR orthologs with known structures.70; 77 A representation of the MSA used to determine 
conservation is provided by the sequence logo in Figure 3-12.  The sequence logo shows that the 
NikR family has several highly conserved residues.  In addition, the results of the non-covalent 
contact correlation analysis have been mapped on this sequence to show that many conserved 
residues outside of the Ni2+ and DNA binding sites are associated with the calculated contact 
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correlations.  For the purpose of selecting mutagenesis targets, our MD approach provides 
additional data to help develop hypotheses for why residues in different regions of the protein are 
conserved.  The analyses presented here provide additional rationale for interpreting the effects 
of NikR mutations. 
 
Figure 3-12. Sequence logo for the NikR family.  This logo represents a multiple sequence 
alignment containing 82 sequences, numbered according to the E. coli NikR sequence. For each 
position, the total height (in bits) of the residue letters indicates the degree of conservation at that 
position.78  Note that this sequence entropy measure of conservation is different from the method 
used for Table 2, which takes into account substitution matrices.  Sequence specific DNA binding 
and Ni2+ binding residues are labeled.  The green bars (labeled “Group 1-3”) denote groups of 
residues with a concentration of contact correlations selected with UPGMA clustering (see Figure 
3-9).  The blue boxes show the Top 10 residues with the largest number of contact correlations 
within the selected clusters.  The green triangles label residues with the largest total number of 
contact correlations.  This figure was generated in part using WebLogo.79 
 
A subset of the residues from Table 3-4 are highlighted in Figure 3-10.  Panel A shows a close-up 
view of residues that connect the Ni2+ binding site with the RHH/ACT domain interface.  H76 is a 
Ni2+ binding residue that forms a correlated contact with H62’ across the tetrameric interface.  
H62’ in turn contacts S73 back across the tetrameric interface.  S73 is the 
€ 
i  + 4 residue to S69 
along helix C.  D63’ is covalently connected to H62’ and contacts R65’.  R65’ and R65 form non-
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specific phosphate backbone contacts with DNA69, and also span the tetrameric interface to 
contact S69.  In addition, R65 forms a correlated contact with G120, a highly conserved residue 
at the RHH/ACT interface.  R70 is covalently attached to S69, and forms a correlated contact with 
Q118 at the RHH/ACT domain interface.  Q118 is also involved in forming a non-specific cation-
binding site that stabilizes the DNA-bound conformation 69.  This network of interactions is likely 
to be important to communicate the Ni2+ binding signal to the RHH/ACT interface. 
 
Figure 3-10B depicts the DNA binding site residues colored in red.  Residue S29, near the N-
terminus of helix B, contacts residue T7 and could help orient this DNA-binding group.  R33 and 
R37, both near the middle of helix B, also make contacts with either DNA binding residues or D9 
and D11, residues at the junction between the DNA-binding β-strands and the N-terminal end of 
helix A.  On the other face of helix B, D34 and N42 both make contacts that span the domain 
interface to H123 and N127, respectively.  R22, at the C-terminal end of helix A, also forms a 
domain interface spanning contact with D113.  E30 forms several contacts over the course of the 
simulation that tie together the N-terminal end of helix B with the C-terminal end of helix A and 
thus could help transmit effects from the RHH/ACT interface across the RHH domain to the DNA 
binding site. 
 
Of the residues identified in this study, contacts at the interface of the ACT and RHH domains are 
of obvious interest given the necessary interaction of these domains in Ni2+-induced 
conformational change.  However, residues within RHH domain helices also merit attention. 
Some of the contact correlations include backbone-backbone H-bonds running along helices A 
and B, which might suggest a concerted, rigid body response in transferring the Ni2+ binding 
status to the DNA-binding interface, and vice versa.  Perturbing interactions between residues 
outside the DNA and Ni2+ binding sites may therefore uncouple the DNA binding response under 
saturating Ni2+ conditions.  Such perturbations will be the subject of future mutagenesis studies. 
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3.4.3  Implications for the ACT domain family 
To our knowledge, this study is the first reported atomic-scale MD simulation of a protein 
containing an ACT domain.  This domain family is found in a variety of contexts with essentially 
no conserved sequence homology between ACT proteins with different functions.80  However, the 
extraordinary degree of structural similarity between the regulatory domains of these proteins 
leads us to hypothesize that there could be a common regulatory mechanism of this fold 
regardless of associated “biological function” domains.  A structural alignment of the ACT 
domains from E. coli NikR and E. coli D-3-phosphoglycerate dehydrogenase (PGDH) (see 
Chapter 6) shows that some experimentally-identified residues that are important for PGDH 
function81-84 align well with residues listed in Table 3-4.  Therefore, the ACT domain residues 
identified in this study in the context of NikR function might also represent key positions for 
transferring allosteric effects in many ACT domain-containing systems. Several comparative 
studies of proteins fold families have fruitfully determined common mechanisms of action and 
overlapping control points in approximately congruent structures.85-89 However, in some proteins 
with similar folds, even those with the same biological function in different organisms, slight 
differences in sequence appear to generate differences in molecular mechanism.90-92  These 
observations suggest that the analyses of NikR in this study may be useful for guiding 
computational and experimental work in other ACT domain proteins; however, such work should 
be undertaken with caution and awareness of the complex relationship between sequence and 
function. 
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Chapter 4 
Molecular dynamics simulation analysis in proteins:  Advances 
in methods development focused on allostery† 
4.1   Introduction 
The energetic coupling between distant sites in proteins known as allosteric communication has 
become recognized as a widespread phenomenon that is observed at many different levels of 
protein structural complexity.1; 2 Allosteric interactions are a central factor driving the biological 
function of several important proteins.3-7 The molecular mechanism of protein allostery has been 
an area of intense study for many years.2; 8-11 The function of several allosteric proteins has been 
linked to conformational fluctuations encoded by all levels of protein structure (secondary – 
quaternary).11-21 Allosteric regulation of protein function can be understood as a modulation of 
residue interactions driven by changes in conformational fluctuations (or vice versa) in response 
to the binding of a regulatory ligand or substrate molecule.  A significant point made in the 
literature is that the apo conformational ensemble of several allosteric proteins includes all of the 
functionally relevant states populated to differing degrees (see the Theory section for specific 
examples).17; 18; 22-24 Binding of a regulatory ligand redistributes the conformational ensemble and 
changes the probability that the protein occupies a particular functional state (either activating or 
inhibiting activity).  The residue interactions that determine apo conformational fluctuations are 
thus “poised” to respond to ligand binding in a manner encoded by the protein fold. 
 
Molecular dynamics simulations of allosterically regulated proteins can give detailed insight into 
residue interactions that connect regulatory sites with biologically functional sites.13; 15; 25-31 In 
                                                      
† This chapter includes references to results from a MD simulation of human thrombin conducted 
by Rachel Rice.  The work presented herein has been combined with additional thrombin results 
for a manuscript in preparation.  
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Chapter 3, we demonstrated that a new MD analysis strategy based on calculating non-covalent 
contact correlations was able to identify a network of residue interactions that connect the Ni2+ 
and DNA binding sites of NikR.  In this Chapter, we introduce the mean protein structure graph 
from an MD simulation and we use a path-finding algorithm to identify the most probable 
connections between allosteric sites.  In addition, we analyze non-covalent contact correlation 
methods, described in the previous Chapter, within this framework as analysis of correlated 
fluctuations in the protein structure graph.  We show that the combination of highest occupancy 
contact pathways with contact correlation analyses provides a strategy for selecting important 
residues involved in the allosteric connection between two binding sites in NikR.  We also briefly 
summarize results of the new analysis methods applied to an MD simulation of apo human 
thrombin (provided by Rachel Rice), which suggests the potential generality of our approach.  Our 
hypothesis is that apo protein conformational fluctuations contain a signature of allosteric 
connections between functional sites that are identifiable through analyzing the making and 
breaking of non-covalent contacts.  The detailed NikR results presented in this Chapter build 
upon and extend the results from Chapter 3.  Our results with the new analysis methods are 
compared with experiment and sequence conservation to assess their overall success and assist 
in ranking the apparent importance of individual residues to the allosteric mechanism of NikR. 
4.2   Theory 
4.2.1  Evolutionary conservation of structure and functionally significant 
conformational fluctuations 
A typical protein’s functional cycle at ambient temperature and pressure involves conformational 
fluctuations that include the making and breaking of non-covalent contacts.  The formation of 
intra-protein non-covalent contacts is dependent on amino acid identities and their relative 
arrangement.  In the case of allosterically regulated proteins, there is frequently strong protein 
sequence conservation at both regulatory and active sites.  This is necessary to maintain binding 
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affinity and specificity for ligands as well as to provide the required conformational plasticity at 
these sites for function.15; 21; 32; 33 Sequence conservation in this context means the combination of 
identical amino acids and conservative substitutions (high similarity) as identified by substitution 
matrices.34 If the effect(s) of binding a regulatory ligand must be communicated to the active 
site(s), it follows that certain intervening residues important for communication between these 
sites should show similarly high sequence conservation.35; 36 This assertion is likely true in the 
case of an “induced fit”9 mechanism where a network of interactions directly transmits these 
effects between sites as well as in a “population shift” type of mechanism where the most 
important intervening residues act as tunable hinges that couple two binding sites through global 
modes of motion.8; 21; 22 
4.2.2  Functionally relevant conformational fluctuations:  Experimental and 
computational timescales 
The rates of conformational fluctuations associated with protein functions such as enzyme 
catalysis span a wide temporal range with associated timescales from femtoseconds to 
seconds.16 While large scale protein conformational transitions are likely to occur on the scale of 
microseconds or longer, a large and growing body of work has established the functional 
relevance of conformational fluctuations on much shorter timescales.18; 19; 37 An excellent example 
of the importance of short-timescale behavior comes from a series of studies on adenylate 
kinases.  Turnover rate measurements combined with NMR measurements of the dominant 
conformational exchange rate showed that large–scale conformational fluctuations in the 
microsecond to millisecond regime determine the enzymatic rate.38 Later work combining NMR 
and MD showed that “on-pathway” conformational fluctuations on the picosecond to nanosecond 
timescale determine the reaction coordinate for the longer timescale catalytic transitions.21 Using 
a different protein and experimental technique, a close correspondence was found between the 
structural deformations of myoglobin upon CO dissociation observed in both time-resolved x-ray 
crystallography and MD simulations on the picosecond to nanosecond timescale.39 Additional 
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recent myoglobin MD simulations have identified transient pathways for CO entry and exit that 
are formed via conformational fluctuations on the nanosecond timescale (including full CO 
migration events on this timescale).40-43 Other investigators have used NMR to probe changes in 
picosecond – nanosecond dynamics of Eglin C upon mutation.  They were able to show that a 
contiguous set of residues distal to the site of mutation exhibits altered dynamics, suggesting that 
conformational fluctuations on this timescale can link distant protein sites.44 Similarly, dynamic 
coupling of spatially separated sites in a PDZ domain protein was identified using NMR45 and 
energetic coupling between the same set of residues was observed on the picosecond timescale 
using a “thermal diffusion” non-equilibrium MD simulation.46 The series of observations above 
suggest that fast timescale (picoseconds to nanoseconds) conformational fluctuations make an 
important contribution to energetic connections between distal protein sites and can shape the 
reaction coordinates that longer timescale fluctuations follow. 
4.2.3  Functionally relevant conformational fluctuations: the apo protein 
ensemble 
A series of experimental studies support the notion that apo conformational fluctuations contain 
functionally relevant information.  A study of the intrinsic dynamics of Cyclophilin A observed with 
NMR established that apo conformational fluctuations recapitulate those observed during 
catalysis, and the conformational inter-conversion rates match the catalytic rate, implying that 
conformational fluctuations drive the catalytic function of the enzyme.17 A NMR investigation of 
conformational fluctuations in the single domain nitrogen regulatory protein C determined that 
phosphorylation stabilizes a conformation already present in the unphosphorylated ensemble, 
rather than inducing a new “activated” conformation.22 Finally an NMR study of dihydrofolate 
reductase demonstrated that each step of the enzyme’s functional cycle involves a 
conformational ensemble that includes the previous and subsequent reaction steps, leading to a 
series of “population shift” events along the multi-step cycle.18; 19 These studies all support the 
assertion that apo protein conformational fluctuations include experimentally observable dominant 
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pathways that are functionally relevant for many systems.  A helpful framework for understanding 
this concept is provided by the fluctuation-dissipation theorem, which states that the response of 
a system to small perturbations involves fluctuation pathways that are present at equilibrium prior 
to the perturbation.47 By analogy with this linear response theory, allosteric proteins have evolved 
such that the apo protein structure encodes the conformational fluctuations that facilitate 
communication between coupled binding sites.  
4.2.4  Signatures of allosteric communication from MD simulation 
The analyses presented below are built upon the ideas presented in the above sections.  In 
summary, we propose that nanosecond timescale conformational fluctuations in the apo protein 
ensemble contain functionally relevant signatures of allosteric communication that can be 
identified through analysis of the making and breaking of non-covalent contacts.  We specifically 
focus on the topology of non-covalent contacts connecting protein residues and leverage their 
fluctuations (from apo protein equilibrium MD simulations) to determine connection strength and 
correlations between them. 
 
In this Chapter, we present two methods used to identify signatures of the molecular mechanism 
of allosteric communication between protein functional sites.  Both methods are based on 
determining the non-covalent contacts between residues formed and broken over the course of 
the MD simulation.  The non-covalent contact definitions include hydrogen bonds and salt-bridges 
(see Algorithms below and Figure 4-1) and, as such, represent the specific residue-residue 
interactions that are likely involved in directing protein conformational fluctuations along 
functionally productive reaction coordinates.18; 21 
 
Trajectory-averaged view of “interaction space”:  The protein structure graph 
For the methods described in this Chapter, we utilize a graph-based representation of protein 
structure that is determined from MD simulations (see Figure 4-2).  The nodes of the graph 
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represent amino acid residues and the edges connecting nodes represent non-covalent contacts 
observed over the course of the MD simulation.  The edges are weighted based on the fractional 
occupancy of each contact over all the simulation snapshots.  The occupancy (
€ 
oi) is defined 
based on the binary nature of the contacts as 
€ 
NOn NTotal , where 
€ 
NOn  is the number of 
snapshots where the contact is observed and 
€ 
NTotal  is the total number of snapshots analyzed 
(see Algorithms below).  For the purpose of distinguishing between backbone and side chain 
contacts, each residue has both a backbone and a side chain node that are connected with 
occupancy of 1.0 (due to being covalently bonded).  The resulting protein structure graph 
represents the mean “interaction space” of each residue observed over the course of an MD 
simulation.  Because the weights are determined by the conformational fluctuations that occur in 
the simulation, the “closeness” of any two residues in this space represents the interaction 
strength along the connecting path of non-covalent contacts.  We utilize Dijkstra’s algorithm (see 
Algorithms below)48 to parse this graph and determine the maximum occupancy paths connecting 
functional sites on each protein. 
 
Fluctuations in interaction space and correlations:  the 
€ 
φ  binary correlation 
between non-covalent contacts 
While the interaction space graph provides a description of the mean protein structure averaged 
over an MD trajectory, fluctuations in the graph over the set of visited equilibrium conformations 
can give additional information about energetic connections and “information flow” between 
residues within the protein.  As mentioned above, individual non-covalent contacts are treated as 
binary variables that are either “on” or “off” for each snapshot of a given MD simulation.  A useful 
measure of correlation between binary variables is the 
€ 
φ  correlation metric49, a binary variant of 
the standard Pearson correlation.50 The 
€ 
φ  correlation can range between -1.0 and 1.0, indicating 
complete negative and positive correlation respectively.  A 
€ 
φ  correlation of 0.0 indicates lack of 
correlation.  In our analyses, the correlations are determined between all pairs of inter-residue 
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non-covalent contacts.  We parse the resulting correlations in two ways. First, we tally the total 
number of significant (see Algorithms below) contact correlations that each residue is involved in. 
We hypothesize that the residues involved in the largest number of significant correlations 
constitute “hub” residues.  We predict that these “hub” residues have a large number of energetic 
connections to other parts of the protein.  Second, we utilize a clustering algorithm (see 
Algorithms below) to group contacts that are the most strongly correlated with each other.  We 
select a clustering level such that the clusters of interest contain a contact involving at least one 
residue from functional site I (e.g., Ni2+ binding site for NikR, Na+ binding site for thrombin) and a 
contact involving at least one residue from functional site J (e.g., DNA binding site for NikR, 
active site for thrombin).  In effect, this second scheme selects contacts (and the associated 
residues) that share similar correlation patterns with contacts from the two functional sites.  From 
these selected contacts we then count the residues that are involved in the largest number of 
correlated contacts within the clusters to rank their relative likelihood of making functionally 
significant non-covalent contacts. 
4.3   Methods 
4.3.1  NikR molecular dynamics 
This simulation is described in detail in the Methods and Theory section of Chapter 3.  
4.3.2  Multiple sequence alignment and positional conservation 
The construction of a NikR multiple sequence alignment and calculation of the residue 
conservation score for each column in the alignment is described in the Methods and Theory 
section of Chapter 3.  The same method was used to construct a thrombin multiple sequence 
alignment and to calculate sequence conservation scores.  The thrombin alignment includes 
several different serine proteases. For both NikR and thrombin, the average sequence 
conservation score of the top 10 residues identified in the protein structure graph analyses 
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presented below was compared with the distribution of conservation scores for 10 randomly 
selected residues (see Figure 4-6). The set of sequence conservation scores for both NikR and 
thrombin were generated from 10 randomly selected residues and sampled 10,000 times with 
replacement to obtain a distribution of conservation scores. 
4.4   Algorithms 
4.4.1  Non-covalent contact definitions 
For each analyzed snapshot, a list of non-covalent contacts (hydrogen bonds and salt-bridges, 
see Figure 4-1) was generated using the PDB2PQR program (http://pdb2pqr.sourceforge.net/).51; 
52 For hydrogen bonds, a contact was defined based on a predetermined list of H-bond donor (D) 
and acceptor (A) heavy (non-hydrogen) atoms and the following geometric constraints: D to A 
distance ≤ 3.4 Å and A-D-H angle ≤ 30°53.  For salt bridges, the positively and negatively charged 
atoms of amino acid side chains carrying a formal charge were analyzed and a contact was 
assigned whenever both a positively charged atom and a negatively charged atom were ≤ 4.0 Å 
apart.54 To remove redundancy due to multiple possible interactions between residues, contacts 
were grouped based on the involved atoms into side chain – side chain, side chain – backbone, 
or backbone – backbone interactions.  Lists of contacts for each snapshot were counted such that 
each residue pair only had one instance of each contact type.  As stated previously, all contacts 
observed over the course of each simulation were treated as binary variables when determining 
their occupancy and correlations.  For the analyses described below, non-covalent contacts were 
only included if they had a minimum occupancy of 0.01 throughout the simulation.  The contact 
occupancies between residues were used to define the structure graph for each protein (see 
Theory) with edge weights defined below. 
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Figure 4-1.  Definitions of hydrogen bonds (H-bonds) and salt-bridges used in non-covalent 
contact analyses.  For H-bonds, whether backbone – backbone (panel A), or side chain – side 
chain (panel B), the donor (D) to acceptor (A) heavy atom distance is ≤ 3.4 Å and the A-D-H 
angle is ≤ 30°.53 For salt bridges (panel C), the positively and negatively charged atoms of amino 
acid side chains carrying a formal charge were analyzed and a contact was assigned whenever 
both a positively charged atom and a negatively charged atom were ≤ 4.0 Å apart.54 
 
4.4.2  Dijkstra’s algorithm to find the most probable paths along non-
covalent contacts between residues 
With the interaction space graph as defined above and some knowledge of the residues located 
at functional sites in the protein, Dijkstra’s algorithm provides a facile way to determine the most 
probable contact path connecting any two nodes through interaction space.  The algorithm is 
executed as follows: 
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1.) The list of fractional contact occupancies (
€ 
oi) is read and stored as undirected edges 
between nodes (residues), where the length (or cost) of each edge is computed as: 
€ 
1.0 − oi  
a. A distinction is made between contacts involving backbone (b) or side chain (s) 
atoms.  Each residue is split into two nodes, ResidueX_s and ResidueX_b, 
which are connected by an edge with length 0.0 (occupancy of 1.0). 
2.) Dijkstra’s algorithm48 is run using code that has been implemented in Python.55 The code 
will be freely available online (http://agave.wustl.edu/software.html). Our implementation 
benefited greatly from the algorithm description provided online by Renaud Waldura.56 
a. Dijkstra’s algorithm is run iteratively over all of the known important protein 
residues that make up two binding or functional sites.  Each known important 
residue i at site I serves as a source (starting node), and each known important 
residue j at a second site J serves as a goal (ending node).  The calculation is 
run over all i,j combinations.  These iterations are used to calculate the following: 
i. The overall most probable (highest occupancy) path between binding 
sites I and J. 
ii. The frequency with which each node in the graph is part of a most 
probable path over all i,j (source, goal) combinations.  This data is 
mapped onto residues by adding together the total number of highest 
occupancy paths in which a particular residue is involved.  A sorted list of 
these frequencies identifies “bottleneck” residues between sites I and J 
that are frequently traversed in highest occupancy path calculations. 
b. In the case of NikR (a homotetramer), the “bottlenecks” identified in part ii. above 
are summed over all instances of each residue in the four monomers. 
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Figure 4-2.  Simplified example protein structure graph.  The nodes represent residues and the 
edges represent non-covalent contacts (defined in the Algorithms section of this Chapter, see 
Figure 4-1) weighted based on their mean occupancy in a molecular dynamics simulation.  The 
path outlined in darker colors represents a highest probability path connecting “Start” and “End” 
residues (representing two allosterically linked functional sites) selected using Dijkstra’s 
algorithm.48 
 
4.4.3  Correlations in non-covalent contacts 
A useful measure of correlation between binary variables is the 
€ 
φ  correlation metric,49 which is a 
binary variant of the standard Pearson correlation50.  The 
€ 
φ  correlation can range between -1.0 
and 1.0, indicating complete negative and positive correlation respectively.  A 
€ 
φ  correlation of 0.0 
indicates no correlation.  In order to calculate 
€ 
φij  over all i,j pairs of contacts, the contact 
occupancy matrix, B, was populated by parsing the contact list for each snapshot in the analyzed 
portion of each MD trajectory.  B is an 
€ 
N × N  matrix, where 
€ 
N  is the total number of unique 
contacts observed over the course of the MD simulation.  The diagonal of B contains the total 
number of snapshots in which each contact is observed, and the i,j off-diagonal elements contain 
the number of times that both contacts i and j are observed in the same snapshot.  For each i,j 
contact pair, the following frequencies were calculated from B:  
€ 
n00, the number of snapshots in 
which both i and j were off; 
€ 
n10, the number of snapshots in which contact i was on while contact 
j was off; 
€ 
n01, the number of snapshots in which contact j was on while contact i was off; 
€ 
n11, the 
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number of snapshots in which both contacts i and j were on.  Given these frequencies, the 
€ 
φij  
correlation value was calculated from49: 
( )
( )( )( )( )0111101101001000
01101100
nnnnnnnn
nnnn
ij
++++
−
=φ    (4-1) 
The significance of a correlation value typically depends on the number of independent 
observations.  For 
€ 
φ  correlations there is a simple relationship that provides an effective 
€ 
χ 2 
value for significance49: 
N22 φχ =         (4-2) 
where 
€ 
N  is the number of independent data points used to compute the correlation.  Because 
MD snapshots are intrinsically correlated over varying time scales depending on the observable 
of interest, 
€ 
N  was estimated separately for each i,j pair of observed contacts.  In particular, we 
approximated 
€ 
N  by the number of times that each contact was both made and broken over the 
course of the simulation (representing the number of “on” and “off” states).  This quantity was 
defined as in , and used in the following equation: 
€ 
N =min(ni,n j )        (4-3) 
The φ  correlations between i,j pairs were considered significant when 2ijχ  is greater than or 
equal to the threshold value for the 95% confidence interval using 1 degree of freedom for the 
binary nature of the data49; 57. 
4.4.4  Hub residues selected by 
€ 
φ  correlation 
Our hypothesis is that residues with the largest number of significant correlations act as “hubs” in 
the interaction network and are likely key control points in the allosteric communication 
mechanism between the two domains.  The correlation data can be parsed in several ways to 
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determine likely important residues and inter-residue connections.  First, we chose to rank 
individual residues based on the total number of significant contact correlations that each residue 
participates in.  Second, we apply the UPGMA clustering algorithm described in Methods and 
Theory in Chapter 3, using the 
€ 
φ  correlation values between all pairs of non-covalent contacts as 
input.  Only the functional site-based “depth first” cluster selection step was used.  This cluster 
selection finds a subset of the total contacts that have the strongest relationship with binding site 
contacts.  The residues that participate in these contacts are then ranked based on the total 
number of significant correlations between contacts within the selected clusters.  This analysis 
selects a subset of NikR residues that are likely involved in an allosteric communication network 
between the regulatory (Ni2+ binding) and biological function (DNA binding) sites. 
4.5   Results‡ 
4.5.1  Choice of non-covalent contact definitions 
We tested a range of geometric definitions of hydrogen bonds and salt-bridges in order to 
establish that the criteria we have selected are appropriate.  Histograms of observed contacts as 
a function of contact definitions calculated from the NikR MD simulation are presented in Figure 
4-3.  For both hydrogen bond and salt-bridge definitions within the ranges shown, our purely 
geometric non-covalent contact definitions capture the most populated region of the distributions.  
The peaks within these distributions are most likely representative of specific contacts between 
amino acid residues.  Our narrow definitions (relative to others represented in the literature)29; 58; 
59 limit potentially spurious apparent contacts that can result from the dense packing of residues. 
                                                      
‡ Thrombin results are not presented in detail in this Chapter except for comparison with NikR in 
Figure 4-6.  A summary thrombin figure is included in the Discussion section. 
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4.5.2  Highest occupancy paths determined using Dijkstra’s algorithm 
As described above in the Algorithms section, Dijkstra’s algorithm was used to find the most 
probable path between pairs of nodes in the protein structure graph (Figure 4-2). This process 
selects the highest occupancy paths of non-covalent contacts that connect any pair of structurally 
distant allosterically linked binding sites.  The set of residues identified in these paths represents 
a likely pathway for the transmission of allosteric signals between the two binding sites. 
 
Figure 4-3.  Histograms of observed H-bonds and salt-bridges from 51 ns of NikR MD.  All Y-
axes are (binned) relative frequency.  The observed frequencies of H-bonds based on geometric 
definitions are shown as a function of both acceptor (A) to donor (D) distance (panel A, over all A-
D-H angles ≤ 60°) and A-D-H angle (panel B, over all A-D distances ≤ 5 Å).  The observed salt-
bridge frequency distribution is shown as a function of cation-anion distances (panel C).  The 
definitions used for the results described in this Chapter are shown with black arrows in all three 
panels. 
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Figure 4-4.  Overall most probable non-covalent contact paths between each Ni2+ binding site 
and its best connected DNA binding site selected with Dijkstra’s algorithm.  The blue and green 
paths lead from separate Ni2+ binding sites to the same DNA binding site and are coincident at 
His123.  The orange and red paths lead from separate Ni2+ binding sites to the same DNA 
binding site and are coincident at Asp34.  The lists of residues appearing in each path can be 
found in Table 4-1). 
 
For NikR, the paths we are most interested in are those connecting the Ni2+ binding sites to the 
DNA binding sites through non-covalent contacts.  We used site definitions from the x-ray crystal 
structure60 for the Ni2+ binding sites (His76, His87, His89, Cys95) and the residues that make 
sequence-specific DNA binding contacts (Arg3, Thr5, Thr7).  The most probable path between 
each of the four Ni2+ binding sites and its best connected DNA binding site (based on the smallest 
sum of weights in the path selected by Dijkstra’s algorithm) were determined and are presented in 
Figure 4-4.  The list of residues included in each path is provided in Table 4-1.  The two paths on 
each half of the tetramer merge at the domain interface and follow a common route to the DNA 
binding sites.  The known functional importance and sequence conservation of the residues 
included in these paths is presented in Table 4-3.  Note that the top 10 Dijkstra-selected residues 
marked with “@” (see below and Table 4-3) cover the majority of residues that occur in the 
overall most probable paths shown in Figure 4-4. 
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Table 4-1.  NikR residues selected by Dijkstra’s algorithm as participating in the most probable 
non-covalent contact path connecting each of the four Ni2+ binding sites to its most strongly 
connected (using Dijkstra’s algorithm) DNA binding site.  The “s” or “b” designates side-chain or 
backbone atoms forming the contact with the next residue to the right.  ResidueX_b followed by 
ResidueX_s (or vice versa) denotes the covalent bond within a residue with occupancy 1.0. 
 
Non-covalent contact 
path: 
(color from Figure 4-4) 
Residues involved in the selected path, in order from left to 
right (pathlength): 
Blue CYS95A_s CYS95A_b TYR60A_b TYR60A_s GLU97A_s 
GLU97A_b SER57A_s SER57A_b HIS125A_b HIS125A_s 
SER57B_s GLN127A_s HIS123B_b HIS123B_s ASP34A_s 
ARG37A_s ARG37A_b ARG33A_b ARG33A_s THR7B_b 
THR7B_s (3.251) 
Green CYS95B_s CYS95B_b ASP94B_s ARG122B_s ARG122B_b 
VAL59B_b HIS123B_b HIS123B_s ASP34A_s ARG37A_s 
ARG37A_b ARG33A_b ARG33A_s THR7B_b THR7B_s 
(3.194) 
Orange HIS87C_s GLU97C_s GLU97C_b SER57C_s SER57C_b 
HIS125C_b HIS125C_s GLN42D_s SER38C_b ASP34C_b 
ALA31C_b ASN27C_b ASN27C_s SER29C_b THR7D_b THR7D_s 
(3.630) 
Red HIS76B_s HIS76B_b HIS62D_s ASP94D_b ASP94D_s 
ARG122D_s GLU132C_s HIS123D_s HIS123D_b ASP34C_s 
ASP34C_b ALA31C_b ASN27C_b ASN27C_s SER29C_b 
THR7D_b THR7D_s 
(3.446) 
 
4.5.3  “Bottleneck” residues identified by iterative application of Dijkstra’s 
algorithm 
This analysis is carried out in a similar way as the previous analysis.  However, instead of finding 
a single most probable path between two sites this analysis iterates over all combinations of 
residues at one binding site with residues at a second binding site, and finds the most probable 
path between each pair of residues.  The resulting set of paths is then parsed to identify residues 
with high occurrence frequency.  These residues are expected to be important control points for 
transmitting allosteric signals between the two binding sites. 
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Each of the four high affinity Ni2+ binding sites is made up of 4 residues from 2 chains whose 
side-chains directly contact the bound Ni2+ in x-ray crystal structures (His76’, His87, His89, 
Cys95).60; 61  Each of the two sequence-specific DNA binding sites is made up of 6 residues from 
2 chains whose side-chains contact DNA base-pairs in the x-ray crystal structure.60  Together, 
these sets include a total of 16 Ni2+ binding residues and 12 DNA binding residues.  A total of 192 
paths were determined by iterative application of Dijkstra’s algorithm to the protein structure 
graph from the apo-NikR tetramer MD simulation over all combinations of residues at both sites.  
The occurrence frequency over all paths of the selected subset of residues was used to rank their 
importance in connecting the Ni2+ and DNA binding sites.  The ranked list of residues is provided 
in Table 4-2.  The top 10 residues selected with this method are depicted on the NikR structure, 
colored by occurrence frequency in Figure 4-5.  These highly ranked residues are denoted in 
Table 4-3 and Figure 4-8.  The connection between these selected residues and sequence 
conservation is shown in Figure 4-6 in this Chapter.  Five of the top 10 residues in Table 4-2 have 
known functional importance (Asn27, Ser29, Arg33, Asp34, Glu97; see Table 4-3).  The other five 
constitute residues where a mutation is predicted to affect allosteric activation of NikR.  The 
average sequence conservation of these ten residues is much higher than the average 
conservation for the rest of NikR, as shown in Figure 4-6. 
Table 4-2.  Ranked list of NikR residues based on occurrence frequency in non-covalent contact 
paths connecting the Ni2+ and DNA binding sites selected with Dijkstra’s algorithm.  Only residues 
occurring in at least 10% of the 192 possible paths are shown.  Ni2+ and DNA binding site 
residues are listed separately since they are included in the binding site definitions, but it is still of 
interest to see which ones occur in the largest number of paths (each binding site residue only 
gets a minimum of 4 paths from the algorithm definition).  The total number of paths in which 
each residue occurs is given in parentheses. 
 
1.  Glu97 (140) 
2.  Ser57 (132) 
3.  Asp34 (126) 
4. His125 (111) 
5.  Arg37  (105) 
6.  Arg33  (104) 
7. His123 (85) 
8. Ser29  (81) 
9. Gln42  (79) 
10. Asn27 (73) 
11. Ala31 (72) 
12. Gln75 (68) 
13. Thr85 (66) 
14. Arg122 (64) 
15. Tyr60 (60) 
16. His62 (54) 
17. Arg23 (50) 
18. Glu43 (44) 
19. Asp113 (44) 
20. Tyr58 (42) 
21. Ser38 (38) 
22. Leu40 (36) 
23. Glu132 (34) 
24. Asp94 (32) 
25. Val59 (30) 
26. Lys64 (26) 
27. Glu61 (26) 
28. Gln127 (21) 
29. Val72 (20) 
30. Ala68 (20) 
Binding Site 
Residues: 
1. His87 (104) 
2. Thr7 (95) 
3. His76 (82) 
4. Thr5 (81) 
5. Arg3 (64) 
6. Cys95 (60) 
7. His89 (48) 
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Figure 4-5.  Top 10 residues selected by iterative application of Dijkstra’s algorithm over all pairs 
of Ni2+ and DNA binding site residues.  The selected residues are shown in van der Waals 
representation and colored on a blue to white scale that signifies the fraction of 192 possible 
paths between defined binding site residues.  For the 10 residues shown, the range is 73% to 
38% of the possible paths.  The highlighted residues in order are:  Glu97, Ser57, Asp34, His125, 
Arg37, Arg33, His123, Ser29, Gln42, Asn27. 
 
4.5.4  “Hub” residues identified by 
€ 
φ  correlation analyses 
While the above analyses utilizing Dijkstra’s algorithm and the protein structure graph rely on 
trajectory-averaged information, it is also important to consider the fluctuations of interactions 
over the set of conformational states visited during an MD trajectory.  Correlations in the making 
and breaking of contacts throughout the protein can be calculated by accumulating snapshot co-
occurrence statistics for all the non-covalent contacts observed during the simulation.  These 
correlations represent information transfer between different protein regions arising from 
energetic connections intrinsic to the protein structure. 
 
The residues selected using this approach are analyzed in detail in Figure 10 of Chapter 3 and 
are also included in this Chapter in Table 4-3 and Figure 4-8.  The selected residues include two 
subsets.  The first subset contains residues that participate in the largest total number of 
significant contact correlations.  The second subset contains residues that participate in the 
largest number of correlations among contacts selected by UPGMA clustering with Ni2+ and DNA 
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binding residues (see Figure 4-8 and Table 4-3).  The known functional significance of these 
residues is discussed in Chapter 3 and shown in Table 4-3 in this Chapter. 
4.5.5  Connection with evolutionary conservation 
The analyses presented in this Chapter are based on the expectation that specific non-covalent 
contacts between residues are an important part of allosteric communication between binding 
sites.  It is also expected that maintenance of these specific contacts would apply evolutionary 
pressure to conserve the sequence of important residues.  If the residues identified by the above 
analyses are indeed important for each protein’s function, it is reasonable to expect that they 
would show high sequence conservation relative to the mean for each protein family.  The “top 
10” residues ranked by iterative application of Dijkstra’s algorithm for both NikR and thrombin 
show significantly more sequence conservation on average than randomly selected sets of 10 
residues from the same sequence alignment.  By applying the same analysis strategy to an MD 
simulation of human thrombin (see Discussion) and a serine protease alignment, we provide 
additional support that our method employing Dijkstra’s algorithm selects residues with high 
evolutionary conservation that connect functional sites in a protein.  This is shown in Figure 4-6, 
where the calculated p-values (from rank ordering the random selections) of the average 
conservation score for the Top 10 residues selected with iterative application of Dijkstra’s 
algorithm are 6 × 10-3 for NikR and 1 × 10-4 for thrombin.  Finally, the combination of NikR 
residues selected with Dijkstra’s algorithm and the contact correlation analyses are mapped onto 
the NikR sequence logo depicted in Figure 4-8. 
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Figure 4-6.  Sequence conservation histograms for NikR and thrombin showing the average 
evolutionary conservation (blue arrow) of the top 10 residues that appear in the largest number of 
non-covalent contact paths selected with Dijkstra’s algorithm.  Sequence conservation scores for 
each residue were generated using the Web-based Scorecons program.62  The histograms were 
generated by computing the mean conservation score of 10 randomly selected residues 10,000 
times.  The histogram means match the mean conservation score for each multiple sequence 
alignment:  0.57 for NikR and 0.45 for thrombin.  The p-values are: 6 × 10-3 for NikR and 1 × 10-4 
for thrombin. 
 
4.6   Discussion 
In this Chapter, we present new protein MD analysis methods that leverage non-covalent 
contacts and a graph theoretic approach to determine interaction networks connecting 
allosterically linked sites.  The detailed results from an MD simulation of E. coli NikR show that 
our method employing the protein structure graph and Dijkstra’s pathfinding algorithm 
complement and extend the network of residues selected by contact correlation analysis (from 
Chapter 3; see Figure 4-8 and Table 4-3 in this Chapter).  In addition, these new methods have 
been applied to an MD simulation of apo human thrombin (provided by Rachel Rice), which 
suggests the generality of our approach.  The protease function of thrombin is allosterically 
modulated by a Na+ binding site and a substrate recognition site (exosite 1), which are both distal 
to the active site catalytic triad (see Figure 4-7).  While a detailed analysis of the thrombin results 
is outside the scope of this thesis, it is worth noting that several thrombin residues selected by the 
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combination of our graph theoretic and contact correlation analysis methods have experimentally 
known importance for thrombin’s allosteric mechanism (see Figure 4-7).  The top ranked residues 
based on our selection criteria using Dijkstra’s algorithm have much higher sequence 
conservation on average than the rest of the protein for both NikR and thrombin (see Figure 4-6), 
further supporting their functional importance.  These results increase our confidence that the 
analysis methods presented here can be applied to any protein simulation and will identify 
interaction networks that connect two or more allosterically linked sites. 
 
Figure 4-7.  The structure of the serine protease thrombin showing key allosterically connected 
functional sites.  Protease active site residues are highlighted in red.  Exosite 1 is highlighted in 
green and is important for substrate recognition and its allosteric connection to the active site.  
The Na+ binding site allosterically regulates the active site through modulating catalytic efficiency.  
Residues shown in orange were identified as potentially important with the non-covalent contact 
methods presented in this Chapter and all have known functional importance based on 
mutagenesis studies.63; 64 All of these residues also show high sequence conservation (≥ 0.89, 
see Methods and Theory in Chapter 3).  This figure was generated with help from Rachel Rice. 
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Figure 4-8. Sequence logo for the NikR family.  This logo represents a multiple sequence 
alignment containing 82 sequences, numbered according to the E. coli NikR sequence. For each 
position, the total height (in bits) of the residue letters indicates the degree of conservation at that 
position.65  Note that this sequence entropy measure of conservation is different from the method 
used for Table 4-3, which takes into account substitution matrices.  Sequence specific DNA 
binding and Ni2+ binding residues are labeled.  The green bars (labeled “Group 1-3”) denote 
groups of residues with a concentration of contact correlations selected with UPGMA clustering 
(see Methods and Theory in Chapter 3).  The blue boxes show the Top 10 residues with the 
largest number of contact correlations within the selected clusters (see Table 4-3).  The green 
triangles label residues with the largest total number of contact correlations (see Table 4-3).  The 
plum diamonds show the Top 10 residues selected from the protein structure graph using 
Dijkstra’s algorithm (see Figure 4-5).   This figure was generated in part using WebLogo.66 
 
4.6.1  Most probable paths between sites:  The protein structure graph and 
Dijkstra’s algorithm 
The graph theoretic methods presented in this Chapter depend on computing all observed non-
covalent contacts based on amino acid structure and geometric criteria for each snapshot from an 
equilibrium MD simulation.  Given the observed frequencies of each contact, the overall topology 
of the “interaction space” for each protein can be thought of as a graph whose nodes are residues 
and the edges represent observed non-covalent contacts.  The edges are weighted by each 
contact’s occupancy over the MD simulation (for example, see Figure 4-2).  Dijkstra’s algorithm48 
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is then applied to this graph to calculate the most probable path between any two nodes.  The 
intervening nodes along each path represent a network of inter-residue contacts that provides the 
strongest connection between the “start” and “end” nodes.  For both NikR and thrombin, the 
“start” and “end” nodes used in Dijkstra’s algorithm, are assigned as binding site residues at both 
the regulatory and “biological function” sites of each protein.  Our hypothesis is that the series of 
residues connecting the two sites form important pathways involved in the allosteric regulation 
mechanism of each protein.  This idea is supported by the fact that several of the identified 
residues have either strong sequence conservation and/or experimentally determined importance 
for the proteins’ functions (see Figure 4-5, Figure 4-6, Figure 4-7, and Table 4-3). 
 
It is important to point out that the analysis using Dijkstra’s algorithm could also be applied to a 
single static structure.  A particular advantage of calculating the protein structure graph from an 
MD simulation is the larger diversity of observed contacts between neighboring residues that 
cannot be obtained from a single static structure.  This provides a larger variety of paths 
connecting residues from one region of the protein to another.  In addition, the protein structure 
graph from a single static conformation would have the disadvantage of lacking any weighting 
information for the connections between residues.  The weights are essential because a subset of 
the observed contacts have a much higher likelihood of being observed than others that are more 
readily broken during typical conformational fluctuations within the protein’s native state potential 
energy basin.  This information is central to considering the relative strength of connections 
between residues. 
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Table 4-3.  NikR residues selected by computational analyses and compared with experimental 
data and sequence conservation.  Computational significance denoted by:  A, contact correlation 
clusters that include Ni2+ and DNA binding site residues;  *, top 10 residues in number of contact 
correlations within the selected clusters; #, top 4 residues in total number of significant contact 
correlations; @, top 10 “bottleneck” residues found in the largest number of most probable paths 
through iterative application of Dijkstra’s algorithm; $, binding site residues identified by Dijkstra’s 
algorithm with frequencies comparable to the top 10 (see Table 4-2).  Those residues with 
“unknown” experimental significance have not yet been tested and represent positions for which 
mutation is predicted to alter NikR function. 
 
Residue Experimental Significance Computational 
Significance 
Sequence 
Conservation 
Arg3 Specific DNA binding67 A High (0.83) 
Thr5 Specific DNA binding60 $ High (0.62) 
Thr7 Specific DNA binding60 A, *,$ High (0.81) 
Asp9 Unknown A, # Moderate (0.58) 
Arg22 Unknown A,* Moderate (0.45) 
Asn27 Non-specific DNA contact60 A, @ High (0.64) 
Arg28 Non-specific DNA contact60 A, High (1.00) 
Ser29 Non-specific DNA contact60 A, *, @ High (1.00) 
Glu30 Low-affinity metal site60; 68 A High (0.81) 
Arg33 Non-specific DNA contact60 A, @ High (0.87) 
Asp34 Low-affinity metal site60; 68 A, @ Moderate (0.71) 
Arg37 Unknown A, #, @ High (0.85) 
Gln42 Unknown A,*, @ Low (0.41) 
Ser57 Unknown A, @ Moderate (0.57) 
Tyr58 Ni2+ site H-bond network61  High (0.60) 
Tyr60 Close proximity to Ni2+ site61 A High (0.86) 
His62 Close proximity to Ni2+ site61 A, *, # High (0.83) 
Lys64 Non-specific DNA contact60 A Low (0.38) 
Arg65 Non-specific DNA contact60 A,* Moderate (0.52) 
Ser69 Unknown A,* Moderate (0.51) 
Gln75 Ni2+ site H-bond network61 A High (0.74) 
His76 High-affinity Ni2+ binding site61 A, *, $ High (1.00) 
His87 High-affinity Ni2+ binding site61 A, $ High (1.00) 
His89 High-affinity Ni2+ binding site61  High (1.00) 
Cys95 High-affinity Ni2+ binding site61 A High (1.00) 
Glu97 Reduced Ni2+ and DNA binding upon mutation69 A, @ High (0.98) 
Gln109 Unknown A,* Moderate (0.49) 
Asp114 Unknown A,* Moderate (0.47) 
Ile116 Low-affinity metal site60; 68  Low (0.39) 
Gln118 Low-affinity metal site (2,3) A, # Moderate (0.45) 
Arg119 Non-specific DNA contact (2) A High (0.62) 
Val121 Low-affinity metal site (2,3) A High (0.82) 
His123 Unknown @ Moderate (0.47) 
His125 Unknown @ Moderate (0.56) 
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4.6.2  Non-covalent contact fluctuations:  Binary correlations imply 
energetic connections between sites 
A variety of published work supports the idea that the conformational fluctuations of a protein are 
encoded by the protein structure, which under a given set of conditions, determines the energy 
landscape for the system.2; 18; 19; 21; 70; 71 As the structure fluctuates while exploring its underlying 
energy landscape, non-covalent contacts are made and broken.  Contacts in different regions of 
the protein structure with correlated fluctuations imply energetic connections between distal sites.  
The contact correlation methodology we present here and in Chapter 3 attempts to identify a 
signature of these connections between allosterically linked sites. When applied to NikR and 
thrombin MD simulations, several selected residues with the largest number of contact 
correlations have known functional importance (based on mutagenesis experiments), high 
sequence conservation, or both (see Figure 4-7 for thrombin and Table 4-3 for NikR). 
4.6.3  Relationship with other protein structure graph methods 
The new methods presented in this Chapter have similarities to other graph theoretic techniques 
to analyze protein structure, but offer several advantages over previously reported approaches 
(discussed individually below). First, we use relatively conservative hydrogen bond and salt-
bridge definitions that focus on specific interactions between residues in order to reduce the 
likelihood of counting spurious contacts due to proximity (see Figure 4-1 and Figure 4-3).  
Second, we apply these definitions in the context of a MD simulation rather than a static structure, 
which allows us to quantify the occupancy and covarying fluctuations of the observed contacts 
and construct appropriate edge weights for the protein structure graph.  This leads to a very 
natural definition of the highest occupancy, most probable paths connecting functional sites that 
are identified using Dijkstra’s algorithm.  Third, we are able to rank the relative importance of 
residues in the selected paths by applying Dijkstra’s algorithm iteratively over two sets of residues 
defined by two allosterically linked functional sites.  In contrast, several previous approaches 
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were applied to single protein structures and used a uniform distance cut-off between heavy 
atoms to define inter-residue connections.72-74 One approach combined a distance cut-off protein 
structure graph (using a single crystal structure) with uni-directional edge weights determined by 
sequence conservation.75 Another study utilized perturbations of an elastic network model to 
define edge weights and then determined shortest path lengths in order to determine the 
likelihood of interactions between residues.76 Other studies used the graph of a static protein 
structure and “residue centrality” as an indicator of the functional importance of a given residue.58; 
77  One similar approach employed MD, a protein structure graph, and the Floyd-Warshel path-
finding algorithm, but with no edge weights and a convolution of uniform heavy atom distance cut-
offs with the Cartesian coordinate correlation matrix.29  A recent report focused on hydrogen 
bonding patterns used to identify secondary structure elements and tertiary structure contacts 
that could be important for connecting different protein regions.59 While the goals were similar to 
the work presented here, their investigation did not involve MD simulation and the hydrogen bond 
definitions and residue selection criteria are significantly different.  Their study also did not utilize 
either a graph theoretic approach or path-finding algorithms.  Finally, a different method has been 
reported that analyzed changes in non-covalent contact patterns between apo and substrate-
bound static structures in order to identify allosteric communication pathways.78 To our 
knowledge, no previously reported method directly calculates correlations in the making and 
breaking of non-covalent contacts in order to detect signatures of allosteric communication.  
 
One current limitation of the methods presented in this Chapter is that we have ignored nonpolar 
contacts between residues.  Initially our choice to neglect nonpolar contacts was motivated by our 
expectation that hydrogen bonds and salt-bridges represent more specific contacts that could be 
perturbed by testing mutations experimentally.  However, nonpolar residues can also show high 
sequence conservation and their side-chain interactions could also be an important component in 
transferring energy from site to site within a protein.  Adding a reasonable definition of nonpolar 
contacts to the protein structure graph could extend the work presented here.  One such 
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definition from recent literature uses a distance cut-off between the centers of mass of nonpolar 
side-chains.79 However, it may be necessary to exercise caution in combining nonpolar contacts 
with polar and charged contacts.  A recent study suggests that amino acid networks based on 
either nonpolar or polar contacts may have different graph characteristics relative to each other.80 
This effect may be due to the difference in side-chain density between forming well packed 
protein cores versus polar contacts between side-chains, elements of secondary structure, and 
domains. 
 
As with most MD based analyses, insufficient conformational sampling could affect our results.  
We have not assessed the potential level of noise and confidence intervals on the observed 
contact occupancies.  The graph theory based approach with Dijkstra’s algorithm could have 
inaccuracies if the contact occupancies are not converged. Our contact correlation analysis relies 
on equilibrium conformational fluctuations, but conformational drift in the simulation could 
dominate the observed correlations, again leading to a lack of converged values. 
4.6.4  Interpretation in terms of allosteric models 
The “action at a distance” characterization of protein allostery can be interpreted through several 
potential models.  A Koshland-Nemethy-Filmer (KNF)-like model suggests that a tightly coupled 
network of interactions directly connects two allosterically linked sites, leading to “induced fit” or 
conformational rearrangement upon allosteric ligand binding.9 Alternatively, a Monod-Wyman-
Changeaux (MWC)-like model suggests that a regulatory site modulates global conformational 
fluctuations upon modification or effector binding in a way that affects biological function at a 
distal binding/active site.8 In the latter case, assuming that the protein’s assembly state remains 
unchanged, effector binding could occur near a structural “hinge” that affects global 
conformational fluctuations through either loosening or rigidifying the hinge region.  A related 
hypothesis invokes a direct network of interactions that connects such a hinge to an effector-
binding site.   
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In the case of NikR, some investigators suggest that the Ni2+ binding sites are located at subunit 
interfaces so that they can stabilize the tetramer upon DNA binding.  They assume that Ni2+ 
binding mitigates shearing strain that might otherwise occur at the tetrameric interface in order to 
form the NikR-DNA complex.81 However, this seems implausible since the C-terminal end of helix 
2 is capable of unwinding and acting as a hinge at the RHH/ACT domain interface for DNA 
recognition, which should relieve any strain.60 Additionally other metals, such as Co2+, likely bind 
at the same interface (although without engaging Cys95) but do not activate the same DNA 
binding capability, nor have the same conformational effect on NikR in solution (see Chapter 2).82-
84 This would indicate that Ni2+ binding (and to a lesser extent Cu2+ binding) has a selective and 
specific effect on NikR conformational fluctuations that is transmitted to other residues important 
for activating the DNA-binding competent state.   
 
It is possible that Ni2+ binding is directly coupled to a region of the protein, such as the RHH/ACT 
domain interface, that has an indirect affect on conformational fluctuations at the DNA binding 
site.  In addition to a structural “hinge,” a “latch” region at the domain interface could be important 
for stabilizing an arrangement of the RHH domains relative to the ACT domains that activates 
DNA-binding (see Chapter 6).  Support for this idea is provided by x-ray crystal structures, which 
show formation of either a Ni2+68 or K+60 binding site at the domain interface that likely helps 
stabilize the “cis” RHH domain conformation that is necessary for operator occupancy.  One 
possible model is that the Ni2+ binding sites have a direct network of interactions that connects to 
the residues that form the cation-binding site at the domain interface.  In contrast, our application 
of Dijkstra’s algorithm to the NikR protein structure graph (based on selection of “start” and “end” 
nodes) implies a longer network fully connecting the Ni2+ and DNA binding sites (not just the Ni2+ 
sites to the domain interface).  However, one of the domain interface residues (Asp34) that are 
capable of completing such a connection all the way to the DNA binding sites also helps form the 
interfacial cation-binding site.  Therefore it is possible that catching the “latch” that fixes the 
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relative orientation of the RHH and ACT domains is the main component of the allosteric control 
mechanism, and a specific contact network from the latch to the DNA binding sites may not be 
necessary. 
 
The success of our technique using Dijkstra’s algorithm may be transparent to the specific 
allosteric model that applies to NikR.  Likewise, the calculation of non-covalent contact 
correlations is completely transparent to the specifics of the underlying allosteric mechanism.  
Instead, both methods allow identification of coupled sites without dependence on the manner of 
coupling, subject to a few caveats discussed below. 
 
There are certain systems where our method using the protein structure graph and Dijkstra’s 
algorithm may not be successful.  We expect this approach to work best in cases of well-folded 
proteins with one or more globular domains containing the sites of interest, and structurally well-
defined domain interfaces.  Because we have ignored nonpolar side-chain contacts (discussed 
above), our approach will not work very well if the functionally important binding sites and domain 
interfaces are mostly nonpolar.  Also, getting converged noncovalent contact occupancies will be 
particularly difficult for proteins with significantly populated unstructured conformations or 
associating systems that do not have a well-defined starting structure.  Some systems may have 
two or more functionally important sites connected by elements of secondary structure or whole 
domains.  These systems might not have a fully connected non-covalent contact network 
between sites.  This is especially true if the most important site-to-site connection involves the 
peptide backbone (covalent bonds) across two or more adjacent residues.  Finally, even with 
compact globular domains connected primarily through polar contacts, there may be several 
redundant pathways of similar length connecting functionally important sites.  In this situation it 
may be difficult to select the most important set of inter-residue contacts connecting two or more 
sites. 
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The new MD analysis methods presented in this Chapter focus on detecting a signature of 
allosteric communication between two protein sites through examination of the making and 
breaking of non-covalent contacts.  The results from applying these methods to both NikR and 
thrombin suggest the generality of this approach.  These results also underline the importance of 
the detailed residue interactions that determine how a protein traverses the conformational 
energy landscape near its native state.  The binding of an allosteric effector molecule can be 
thought of as plugging into this network of interactions, providing a mechanism to perturb 
conformational fluctuations and affect activity at a distant site. 
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Chapter 5 
Quantitative analysis of Ni2+ binding to E. coli NikR and 
comparison with ACT-domain mutants 
5.1   Introduction 
Determining equilibrium binding affinities of a protein for its physiologically relevant ligands has 
long been an important part of biochemistry and molecular biophysics.1-5 For proteins with 
multiple binding sites for the same ligand, equilibrium binding activity can provide a measure of 
the interaction energetics between sites, which can lead to complex phenomena such as 
cooperativity and allosteric regulation.6-9 To fully understand NikR repressor activation, it is 
important to characterize interactions between the Ni2+ binding sites within the ACT domains, 
including measuring stepwise Ni2+ binding affinities.  This knowledge is an important first step in 
determining how substoichiometric Ni2+ saturation affects DNA binding affinity. 
 
Previous studies of the Ni2+ binding affinity of NikR have used a competition assay coupled to the 
UV-visible spectroscopic signal that results from formation of the Ni2+-NikR complex.10; 11 These 
studies reported a single binding constant for all Ni2+ binding events, and assumed that the 
spectroscopic signal was directly proportional to the average Ni2+ binding density on NikR 
tetramers (average number of bound Ni2+/NikR4).  More recently, during analysis of the Ni2+ 
binding properties of site-directed mutants within the ACT domain of NikR (Alyssa Meheen, 
unpublished), it was found that this assumption is not generally correct.  Additional data collected 
for wild-type E. coli NikR in the absence of a Ni2+ competitor (presented in this Chapter) further 
supported a nonlinear relationship between UV-visible signal and Ni2+ binding density.  Therefore 
a method that eliminates this proportionality assumption is required for accurate measurement of 
the Ni2+ binding affinity of NikR. 
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Figure 5-1.  Examples of nonlinear relationships between the normalized spectroscopic signal 
and binding density for a protein with two binding sites for the same ligand.  The linearly 
proportional case (circles) is shown for reference.  The first case (Type A, squares) displays a 
larger signal change for binding of the first ligand and will lead to an overestimate of ligand-
binding density when a linear relationship is assumed.  The second case (Type B, triangles) 
displays a smaller signal change for binding of the first ligand and will lead to an underestimate of 
ligand-binding density when a linear relationship is assumed.  Additionally, the assumption of 
linearity for these two cases will also obscure determination of cooperative effects as a function of 
the ligand concentrations required to observe 1 and 2 ligands bound on average.  These example 
data (Type A and B) are highly stylized and real data would more likely show curvature between 
the two phases within each Type, depending on the relative populations of molecular species (1 
and 2 ligands bound) contributing to the average binding density. 
 
 
Ligand binding to proteins can be observed with a variety of approaches including radioisotope 
detection,12 isothermal titration calorimetry,13 and spectroscopic methods such as UV-visible 
absorbance14 and fluorescence.15 With spectroscopic methods, it is often assumed that the signal 
detected is linearly proportional to the amount of bound ligand.  This assumption is generally 
reasonable for binding a single ligand to a single site on a macromolecule.  However when there 
are multiple binding sites on the macromolecule, the possibility exists that each site may exhibit 
different spectroscopic parameters that depend on the distribution of bound ligands.16-18 This 
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behavior will introduce errors into the analysis of binding isotherms determined by spectroscopic 
methods unless the quantitative relationship between detected signal and average degree of 
binding is established (see Figure 5-1). 
 
In this Chapter, I adapt the model independent method for equilibrium ligand binding analysis17; 18 
to the NikR system.  This method quantitatively accounts for the nonlinear relationship between 
the detected UV-visible absorbance signal and average Ni2+ binding density (Ni2+/NikR4).  The 
equilibrium Ni2+ binding analysis presented here focuses on two ACT domain mutant NikR 
proteins (Gln75Ala, Q75A, and His62Ala, H62A) in addition to the wild-type (WT) protein. Gln75 
participates in a hydrogen-bonding network that connects neighboring Ni2+ binding sites (see 
Figure 5-2).  His62 has been identified as a potentially important residue for transmitting allosteric 
signals between the ACT domain and RHH DNA binding domain (see Chapter 3).  Both mutants 
have altered spectroscopic characteristics of bound Ni2+ relative to WT. The Q75A mutant, in 
particular, highlights the importance of the model independent analysis while the H62A mutant 
displays a linear signal change in response to Ni2+ binding.  Both mutants exhibit altered 
repressor function in biological assays.  Interpreting this behavior requires a detailed 
understanding of the Ni2+ binding properties of these proteins. The analysis strategy presented in 
this Chapter lays the groundwork for quantitative comparison of the Ni2+ binding properties of any 
NikR mutant with the WT protein. 
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Figure 5-2. The hydrogen bond network observed between two Ni2+ binding sites in the Ni2+-NikR 
X-ray crystal structure.  Ni2+ binding residues and residues participating in the hydrogen bond 
network are shown in licorice rendering, colored by atom type.  Ligand-to-Ni2+ bonds are colored 
silver.  His62 is shown for spatial reference in thin licorice rendering colored orange.  The His62 
side-chain is < 4 Å from both Cys95 and His76 side-chains. Presumed hydrogen bonds are 
shown as black dashed lines. 
 
 
5.2   Materials and Methods 
5.2.1  Reagents and Buffers 
All chemicals were either reagent or spectroscopic grade and were purchased from Fisher 
Scientific (Pittsburgh, PA), unless otherwise noted.  100 mM stocks of NiCl2 and ethylene glycol 
tetraacetic acid (EGTA) were prepared in ddH2O (50 mL volumetric flask).  A small amount of 
KOH (~5M in ddH2O, added drop-wise with stirring) was necessary to get the EGTA into solution.  
All Ni2+ titration experiments were conducted in binding buffer (Buffer B): 10 mM Hepes (pH 7.6), 
100 mM KCl, 400 µM EGTA.  Stocks of Buffer B (250 mL) and Buffer B plus 400 µM NiCl2 (50 
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mL) were prepared with appropriate volumetric flasks, using the 100 mM stocks of EGTA and 
NiCl2 described above. 
5.2.2  Mutagenesis 
NikR mutants were constructed using oligonucleotide primers from either Integrated DNA 
Technologies (Coralville, IA) or Fisher Scientific (Pittsburgh, PA) and the nikR-containing 
pNIK103 plasmid as template.10 Mutagenesis followed the QuikChange protocol (Stratagene, La 
Jolla, CA) with slight modification.  Each 50 µL reaction contained ~200 ng pNIK103, ~150 ng of 
each primer, and 2.5 U of Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA).  Following PCR 
amplification, the reactions were digested with 20 U of DpnI (New England Biolabs, Beverly, MA) 
for 1.5 h at 37 °C, followed by heat inactivation (80 °C, 10 min).  Mutagenesis reactions were 
stored at 4°C prior to transformation (5 µL) into E. coli JM109 cells using the TSS method.19 
5.2.3  Preparation of apo-NikR Proteins 
Proteins were over-expressed in E. coli DL-41(DE3) or DL-41(DE3) pLysS and purified as 
previously described,10; 20 including removal of nickel with ethylenediamine tetraacetic acid 
(EDTA).  The final size exclusion chromatography column used a 20 mM Tris (pH 8.0) buffer with 
200 mM KCl instead of NaCl.  Gel filtration fractions containing NikR protein were pooled, 
concentrated, and buffer exchanged into storage buffer (Buffer S): 20 mM Hepes (pH 8.0), 500 
mM KCl, 5 mM tris(2-carboxyethyl)phosphine (TCEP), using a combination of 15mL Pall 
Macrosep (30 kDa cut-off; Northborough, MA) and 2mL VivaSpin (10 kDa cut-off; Vivascience, 
Hanover, Germany) centrifuge filters according to manufacturers' instructions.  Concentrated 
protein samples (2-3.5 mM) were stored in microfuge tubes at 4 °C and used within four weeks 
(usually 1-2 weeks) of initial storage. 
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5.2.4  Determination of the active NikR fraction 
The concentrations of purified wild-type or mutant NikR proteins were measured in 8 M guanidine 
hydrochloride using the calculated molar absorptivity ε276 = 4440 M-1cm-1.10; 21 The active NikR 
fraction in each concentrated stock was determined by addition of Ni2+ under stoichiometric 
binding conditions with 20 to 40 µM protein (in 10 mM Hepes, 100 mM KCl, pH 7.6) until the UV-
visible absorbance at 302 nm (A302) no longer changed.  Additionally, NikR precipitates after 
binding site saturation, providing a reliable measure of the amount of active NikR in the sample.  
The value of percent active protein was used both for determining NikR concentrations in the 
titration experiments and the determination of molar absorptivity (ε302) values for mutant proteins. 
5.2.5  Ni2+ Binding Reactions 
A separate sample was used for each [Ni2+]total because the equilibration of Ni2+ between NikR 
and the EGTA competitor is slow (≥ 2 h).  A serial 1.5-fold dilution of Ni2+ was prepared starting 
with binding buffer containing 400 µM NiCl2.  All binding reactions had 100 µL total volume prior 
to addition of NikR.  Immediately prior to use, aliquots (50 to 150 uL) of concentrated NikR stocks 
were exchanged twice into Buffer B using Bio-Rad Micro Bio-Spin P-6 columns (Hercules, CA) 
following the manufacturer's instructions.  Exchanged aliquots were diluted with binding buffer, if 
necessary, so that addition of a 5 µL NikR aliquot to each 100 µL binding reaction yielded the 
desired final [NikR]total. All tubes were capped and incubated for 18-24 h at 23 °C. 
 
To ensure accurate determination of the upper baseline of the titration, two additional tubes at 
saturating Ni2+ (4 Ni2+/NikR4) were prepared (at 363.6 µM and 311.6 µM NiCl2).  These were 
included with the serial dilution series described above and each received 5 µL aliquots of diluted 
NikR stocks as above prior to incubation. 
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Prior to measurement of A302 signal, the tubes were spun briefly (5 s at 4000-5000 rpm) in a 
micro centrifuge to return any condensate to the bottom of the tube.  Metal-bound NikR UV-visible 
spectra (250 - 450 nm; 0.5 nm step size; 1 cm path-length cuvette; 23 °C) were collected with a 
Shimadzu UV-2401PC spectrophotometer (Shimadzu Corp., Kyoto, Japan). 
5.2.6  β-Galactosidase Reporter Expression Assay 
Wild-type and mutant NikR activity was measured in vivo using a previously established Pnik-lacZ 
reporter assay.22  Each data point was the average of two or three independent cultures and the 
standard error was reported. 
5.3   Theory 
5.3.1  Model independent Ni2+ Binding Isotherms 
The work described herein adapts a model independent approach17; 18 to determine the average 
Ni2+ binding density to the NikR tetramer (
€ 
νP ) as a function of the absorbance signal at 302 nm 
(A302).  The absorbance peak at 302 nm is one of the nickel-dependent absorption maxima of the 
metal-protein complex (see Figure 5-5).20 The model independent approach requires multiple sets 
of titration data collected at different macromolecule concentrations (
€ 
PTot ) to reveal the 
relationship between signal and 
€ 
νP  while avoiding any assumption about the UV-absorption 
signal of Ni2+-NikR (see Figure 5-3).  The measured spectroscopic signal is normalized by the 
total macromolecule concentration, [NikR]monomer, because a larger number of binding sites in 
solution will give rise to a larger A302 signal at a given average Ni2+ binding density. At Ni2+ 
saturation this value is equivalent to the average molar absorptivity of each bound Ni2+ (4 
Ni2+/NikR4). For binding density determinations (described below, see Figure 5-3), the relevant 
macromolecule concentration (
€ 
PTot ) is the active tetramer (NikR4) species (1/4 of the total active 
NikR monomer concentration). 
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Figure 5-3.  Illustration of the first two steps in model independent analysis of Ni2+ binding 
titrations at four different concentrations of WT NikR.  A.) Ni2+ titrations were conducted at four 
different active NikR4 concentrations (5.27 µM, circles; 8.72 µM, squares; 11.82 µM, triangles; 
15.72 µM, diamonds).  Solid lines show linear interpolation between data points within each 
titration. The set of [Ni2+]total values (dashed arrows) that give the same normalized signal (εi, solid 
black arrow) for each [NikR4]Total are found using interpolated points (solid lines connecting data 
points).  Any horizontal line within the interpolated range (100 – 7000 M-1cm-1) through the four 
curves (representing a selected normalized signal value) provides a set of four ([NikR4]Total, 
[Ni2+]total) points used in the next step.  B.) The second step of model independent analysis. Four 
([NikR4]Total, [Ni2+]total) combinations that all have a normalized signal value of 2000 M-1cm-1.  The 
slope of the linear fit provides an estimated binding density (Ni2+/NikR4) of 0.93 for this normalized 
signal value (see Eqn.  5-3).  These fits are conducted over a range of normalized signal values 
to determine the relationship between binding density and normalized signal (see Figure 5-7).  
Signals were normalized by the active [NikR] monomers. 
 
The average number of Ni2+ bound per NikR4 is uniquely determined by the free Ni2+ 
concentration, 
€ 
Lfree ,16 or more accurately the Ni2+ activity.23 During a Ni2+ titration, as 
€ 
Lfree  
increases, so does the number of Ni2+ bound per NikR tetramer (
€ 
νP ).  At different values of 
€ 
PTot , 
€ 
νP  will be the same when 
€ 
Lfree  is the same in each sample, which will result in the same 
normalized absorbance signal (A302nm/[NikR]monomers, Figure 5-3).  Thus, several different 
combinations of [Ni2+]total (
€ 
LTot ) and 
€ 
PTot  will have the same values of 
€ 
Lfree  and 
€ 
νP , and hence 
the same normalized absorbance signal.  In practice, matching normalized signal values between 
titrations with different 
€ 
PTot  requires linear interpolation between data points for each titration (see 
Figure 5-3A). 
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In these titrations, EGTA is present as a competitor for Ni2+ and must also be accounted for in the 
equations used to define the model independent approach.  This presents no complication when 
[EGTA]Total (
€ 
ETot ) is the same in all samples and the molecule does not affect the observed A302 
of the Ni2+-NikR complex (see Table 5-1 and Figure 5-6).  When the normalized A302 signal is 
identical between two different titrations at different 
€ 
PTot  (see Figure 5-3), the following 
relationships are therefore true:24 
€ 
LTot1 = νPPTot1 +νEETot + Lfree     (5-1) 
€ 
LTot2 = νPPTot2 + νEETot + Lfree     (5-2) 
where 
€ 
LTot  and 
€ 
Lfree  refer to [Ni2+]total and [Ni2+]free, 
€ 
PTot  and 
€ 
ETot  refer to the active [NikR4]total 
and [EGTA]total, and 
€ 
νP  and 
€ 
νE  are the average Ni
2+ binding densities of NikR4 and EGTA.  
Because 
€ 
Lfree , 
€ 
ETot , 
€ 
νP , and 
€ 
νE  are the same in both equations, subtraction of (5-2) from (5-1) 
followed by rearrangement yields the following expression for 
€ 
νP :
17; 18; 24 
€ 
νP =
(LTot1 − LTot2 )
(PTot1 − PTot2 )
       (5-3)   
Thus, for two or more titration curves, the combinations of [Ni2+]tot and [NikR]tot values that give 
the same normalized A302 signal are plotted (
€ 
LTot  vs. 
€ 
PTot , see Figure 5-3B) and fit with a straight 
line.  The slope of the resulting fit provides an estimate of 
€ 
νP  for a particular normalized A302 
value.  The determination of 
€ 
νP  for numerous normalized A302 values enables determination of 
the relationship between these two quantities.  This relationship is used to construct model 
independent binding isotherms of 
€ 
νP  vs. 
€ 
LTot  for subsequent model fitting to obtain equilibrium 
binding constants (see below).  It is important to point out that estimating 
€ 
νP  from the normalized 
signal titrations with a reasonable degree of certainty is only possible within ~80% of the curve.17; 
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18 This is because random experimental errors dominate the separation between binding curves 
at very low and very high binding densities (see Figure 5-3A).  For each protein analyzed in this 
chapter, the lower limit was 100-400 M-1cm-1 (normalized absorbance) and the upper limits were:  
5200 M-1cm-1 for WT, 6500 M-1cm-1 for Q75A, 7000 M-1cm-1 for H62A (see Figure 5-7). 
5.3.2  Nonlinear Least-Squares Fitting to a Binding Model 
 The resulting model independent binding isotherms generated can then be fit to the stepwise 
equilibrium binding model, originally proposed by Adair,3 that has been applied to study 
hemoglobin and other multiple binding site, potentially cooperative systems.5; 25 Equation 5-4 
shows the four-site Adair fractional saturation equation defined with four stepwise binding 
constants (
€ 
ki ) :5 
€ 
νP =
4k1Lf +12k1k2Lf 2 +12k1k2k3Lf 3 + 4k1k2k3k4Lf 4
1+ 4k1Lf + 6k1k2Lf 2 + 4k1k2k3Lf 3 + k1k2k3k4Lf 4   (5-4) 
The constant in each term of the denominator is the statistical factor for the number of 
distinguishable ways of placing 
€ 
i  ligands in 
€ 
n  sites (e.g., 1 Ni2+/NikR4 is present as 4 degenerate 
species).5  The constant in each term of the numerator is the product of the statistical factors with 
the nickel binding density for that species (e.g., 6 different species of 2 Ni2+/NikR4 times 2 Ni2+ 
bound).5 
 
The transformed data were fit to different combinations of up to four independent stepwise 
binding constants.  The models are considered “nested”26 from the simplest (all 
€ 
ki  values 
considered the same, i.e. 
€ 
k1=
€ 
k2=
€ 
k3=
€ 
k4 , one independent parameter) to increasing complexity 
(i.e., 
€ 
k1=
€ 
k2  and 
€ 
k3=
€ 
k4 , two independent parameters).  For the case where all four binding 
parameters are equal, the stepwise Adair model simplifies to a model (Eqn. 5-5) with four 
independent yet identical binding sites: 
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€ 
νP = 4
kLf
1+ kLf
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟         (5-5) 
The data were also fit to the Hill equation,2 scaled to fit a maximum binding density of four Ni2+ 
bound (Eqn. 5-6) to compare these results with previous studies.  Note that in order to compare 
with previous studies,10; 11 the dissociation constant form of the Hill equation was used (the 
previous binding model equations all use stepwise association constants): 
€ 
νP = 4
Lf n
Kd n + Lf n
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟        (5-6) 
Two assumptions were made in data fitting.  First, the oligomeric state of the NikR tetramer 
remains constant for the wild-type and mutant proteins under the conditions used here.10  
Second, the maximum observed A302 signal corresponds to a stoichiometry of 4 Ni2+/NikR4, which 
can be determined by Ni2+ addition to NikR in the absence of EGTA.20 The Ni2+-bound X-ray 
crystal structures of full-length NikR and the NikR ACT domain exhibit this stoichiometry,27; 28 and 
spectroscopically measurable Ni2+ binding is lost upon mutation of a residue (Cys95) in the 
binding site.29 
 
Equations 5-4 to 5-6 relate binding density to [Ni2+]free, a quantity that must be calculated by 
taking into account the [Ni2+]total (known), the Ni2+ bound to NikR (calculated above), and the 
amount of Ni2+-EGTA.  Substituting known quantities into the expression for the 
€ 
KD  of Ni2+-
EGTA, and solving for the unknown concentration of Ni2+-EGTA at equilibrium requires the 
following quadratic expression:10 
€ 
0 = x 2 + x(νP[NikR4 ]Tot − [Ni2+]Tot − [EGTA]Tot −KD,NiEGTA ) +
[EGTA]Tot ([Ni2+]Tot −νP[NikR4 ]Tot )
 (5-7) 
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where 
€ 
x  is the equilibrium concentration of Ni2+-EGTA. 
 
Implicit nonlinear least squares fitting 
The implicit nonlinear least squares fitting of Eqns. 5-4 to 5-6 (separately) to binding density 
versus [Ni2+]tot was conducted using Scientist version 2.01 (Micromath, St. Louis, MO).  Although 
each binding isotherm can be transformed to binding density as a function of [Ni2+]free using Eqns 
5-7 and 5-8 (below), the nonlinear least squares was performed before this transformation to 
avoid the introduction of error in the independent variable.30 Implicitly fit binding isotherms where 
binding density is a function of [Ni2+]Total and Eqn. 5-7 were introduced into the fitting model along 
with the equation for 
€ 
Lfree : 
€ 
Lfree = LTot −νP[NikR4 ]Tot − [Ni2+EGTA]     (5-8) 
Statistical tests to select the best model from the nested stepwise fits (with different numbers of 
independent binding constants) and to calculate 95% confidence intervals of the binding 
constants both used model comparison with an F-ratio conducted according to the formulas 
presented in Motulsky and Christopoulos,26 using the F-distribution implemented in Excel 2004 for 
Mac (Microsoft Corporation, Redmond, WA). 
5.4   Results 
Mutation of several ACT-domain residues has been used to explore their role in Ni2+ dependent 
allostery and NikR function in the cell.  In particular, the Q75A mutant was of significant interest 
because of its increased function in the Pnik-lacZ reporter assay (see Figure 5-4).  The effect of 
the H62A mutation is modest in the Pnik-lacZ assay presented here (Figure 5-4), and may be 
particularly sensitive to growth medium conditions (Peter Chivers, unpublished results). 
Preliminary Ni2+ titrations of the two mutants (H62A, Q75A; Alyssa Meheen, unpublished results) 
produced data that could not be fit to the simple model used previously for Ni2+ binding to WT 
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NikR.10; 11 The experiments described herein demonstrate the successful application of the model 
independent method of analyzing Ni2+ binding curves for WT, Q75A and H62A. 
 
Figure 5-4. Pnik-lacZ reporter expression assays used to test in vivo repressor function of NikR 
mutants.  The conditions are as follows (in M63 media): ΔnikR (blue), ΔnikR + 1µM NiCl2 (red).  A 
∆nikR strain was transformed with plasmids expressing the indicated NikR variant.  All LacZ 
activities were normalized to the blue-labeled WT without added Ni2+.  The error bars depict the 
standard deviation from three separate samples. 
 
5.4.1  Identification of a nonlinear relationship between UV-visible 
absorbance signal and Ni2+ binding density on NikR4 
An initial indication of a nonlinear relationship between average Ni2+ binding density and the 
resulting Ni2+-NikR absorbance signal came from comparing A302 values of samples containing a 
constant amount of Ni2+ (22.5 µM) with increasing concentrations of NikR (see Figure 5-5).  The 
difference spectra (holo minus apo protein) for three different Ni2+/NikR4 ratios in the absence of 
EGTA clearly show that the signal for the same total bound Ni2+ changes with average binding 
density.  There is a 13% decrease in normalized signal as the binding density approaches 4 
Ni2+/NikR4 from 1 Ni2+/NikR4.  This absorbance change with WT NikR was modest but would lead 
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to errors in interpreting the binding parameters and potential Ni2+ binding cooperativity if it were 
not taken into account. 
 
Figure 5-5.  Absorbance spectra of Ni2+ bound to WT NikR at different binding densities with 
constant total Ni2+ concentration in the absence of EGTA.  The active protein concentrations 
were:  22.75, 45.5, and 91 µM (NikR monomers).  The total Ni2+ concentration was 22.5 µM for all 
three curves.  The apparent bound Ni2+ (assuming 100% binding to active protein) molar 
absorptivities at 302 nm are: 8870 M-1cm-1 for 1 Ni2+/NikR4; 8410 M-1cm-1 for 2 Ni2+/NikR4; and 
7710 M-1cm-1 for 4 Ni2+/NikR4, where the signal is normalized by the concentration of Ni2+ added 
(the same for all 3 curves). 
 
Due to the very high apparent affinity of NikR for Ni2+10; 11; 20 and the need for relatively high 
protein concentrations (> 20 µM) to observe a reasonable A302 signal change over the course of a 
binding isotherm, binding affinity experiments were carried out in the presence of the Ni2+ 
competitor EGTA (400 µM).  The observed absorbance signal determined in the presence of 
EGTA with excess Ni2+ is within error of the value at saturation in the absence of EGTA (see 
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Table 5-1).  Previous studies of Ni2+ binding to WT NikR utilized higher EGTA concentrations (≥ 1 
mM).10; 11  Other Chivers lab members determined that the A302 signal at saturation could be 
affected by EGTA concentrations above 600 µM.  Initial work shown here demonstrates that there 
are no changes in the A302 signal at Ni2+ saturation with changing EGTA concentration up to 600 
µM across the range of protein concentrations used in this study (see Figure 5-6). 
 
Figure 5-6. The absorbance signal at Ni2+ saturation does not vary with EGTA concentration.  
The maximum absorbance signal at Ni2+ saturation (excess Ni2+ in the presence of EGTA) was 
measured in the presence of 400 µM (circles) and 600 µM (squares) EGTA across the same 
range of NikR concentrations used in all of the work presented in this Chapter.  The two lines fit to 
each data set separately are nearly coincident (and certainly within experimental error) across 
this range.  The equations for these two lines imply ε302 between 7400 and 7800 M-1cm-1 over 
these concentration ranges, which matches the WT data in Table 5-1. 
 
Model independent relationship between normalized A302 and 
€ 
νP  for different NikR 
proteins 
The model independent approach was used to analyze Ni2+ titration data using at least four 
different [NikR]total values for each of the NikR variant proteins (see Figure 5-7).  A nonlinear 
relationship between absorbance signal and average binding density was observed for both WT 
and Q75A NikR.  For both proteins, the signal change for nickel binding at low density (≤ 1 
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Ni/NikR4) was higher than the average signal change following 4 Ni2+ binding events, although the 
relationship was not the same for the two proteins.  For WT NikR, this result agreed with the data 
shown in Figure 5-5.  The first bound Ni2+ exhibits a higher molar absorptivity (8910 M-1cm-1, 
Figure 5-7B inset) than the value determined at saturation (7590 ± 202 M-1cm-1).  A model 
accounting for the switch between these states as a function of binding density is presented in the 
next section.  For Q75A, the initially linear phase of signal vs. binding density (Figure 5-7D) 
implies a molar absorptivity of 10,643 M-1cm-1 for each bound Ni2+, yet this value switches to 7610 
± 138 M-1cm-1 (within error of WT) at saturation (Figure 5-7A and C; Table 5-1).  In contrast, the 
relationship between signal and binding density for the H62A mutant was linear (Figure 5-7F) 
and also displayed a higher absorbance signal at Ni2+ saturation (Table 5-1).  
 
Table 5-1.  Normalized signal at saturation (molar absorptivity per bound Ni2+ for 4 Ni2+/NikR4) for 
WT, Q75A, and H62A in the presence and absence of EGTA.   
 
Protein % Activea ε302nm at Saturation, +EGTAb ε302nm at Saturation, -EGTAc 
WT 91 7590 ± 202 M-1cm-1 7710 M-1cm-1 
Q75A 91 7610 ± 138 M-1cm-1 7600 M-1cm-1 
H62A 99 9440 ± 183 M-1cm-1 9200 M-1cm-1 
 
a,  denotes the calculated active fraction of purified protein (see Methods). 
b,  +EGTA signals were normalized by the active [NikR]monomers. 
c,  -EGTA signals were normalized by the [Ni2+] added, just below the threshold that causes NikR 
precipitation (see Materials and Methods). 
 
 
Two A302 signal states are observed for WT and Q75A NikR 
The nonlinear relationship between absorbance signal and Ni2+ binding density for WT NikR 
could be modeled using two “signal states” (see Figure 5-8).  A “high signal state” at low binding 
density (average binding density ≤ 1 Ni2+/NikR4) gives rise to a normalized signal of 8910 M-1cm-1.  
This value comes from the linear fit to the points in the inset of Figure 5-7B, and agrees closely 
with the measured ε302 for 1 Ni2+/NikR4 in the absence of EGTA (Figure 5-5).  A “low signal state” 
at higher binding density (≥ 3 Ni2+/NikR4) generates an absorptivity of 7590 M-1cm-1 (Table 5-1) 
for each bound Ni2+.  Intermediate binding densities gave rise to signals that were mixtures of the 
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two species.  At an average binding density of 2 Ni2+/NikR4 the normalized A302 signal is 
approximately 2/3 of the difference between the high and low signal states (Figure 5-5).  A two-
thirds difference in signal is suggestive that switching could be attributed to loading of specific 
binding site combinations in the NikR tetramer, based on the six possible site occupancy states of 
2 Ni2+/NikR4.  Figure 5-8 shows three unique states of 2 Ni2+/NikR4, each with two-fold 
degeneracy.  Only one of the unique states (designated "A") has two Ni2+ bound on the same 
face of the ACT domain beta sheet plane, which are connected by a H-bond network (Figure 5-2).  
The other two states (“B” and “C”) represent two bound Ni2+ ions on opposite sides of the beta 
sheet plane, either on the same or opposite sides of the tetrameric interface.  It is therefore 
consistent with the 1/3 reduction of A302 signal that occupancy of the two Ni2+ sites connected by 
the H-bond network triggers the low signal species.  Once three Ni2+ are bound, all sites exhibit 
the low signal state.  Attempts to model the A302 data for 3 Ni2+/NikR4 with mixtures of the low and 
high signal states yielded results that were inconsistent with the model independent data in 
Figure 5-8. 
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Figure 5-7.  Ni2+ titrations and model independent analysis of WT, Q75A, and H62A.  The 
transformations used to obtain the relationship between normalized absorbance signal and 
binding density (B, D, F) are described in the Theory section.  A.) Ni2+ titrations with WT NikR.  
The data points are from 13 separate titrations, grouped according to the range of active 
(monomer) protein concentrations used (in µM):  21.1 to 22.5 (circles), 34.9 to 37.6 (squares), 
47.3 to 49.3 (triangles), 62.5 to 65.2 (diamonds).  B.) Nonlinear relationship between normalized 
signal and binding density for WT NikR.  The solid line through the data points (diamonds) is the 
best fit polynomial with the following equation: ε302nm = -11.7νP5 + 131.5νP4 – 468.6νP3 + 463.0νP2 
+ 2105.8νP + 39.3.  The dashed line shows a strictly linear relationship between normalized 
signal and binding density.  The curve and dashed line intersect at a normalized signal of 5200 
and binding density of 2.74.  The inset shows a linear fit for just the first Ni2+ binding step.  The 
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equation for the best fit line is ε302nm = 2216.5νP + 42.67 C.) Ni2+ titrations with Q75A NikR.  The 
data points are from 4 separate titrations at the following active (monomer) protein concentrations 
(in µM): 21.0 (circles), 34.9 (squares), 47.9 (triangles), 62.2 (diamonds).  D.) Nonlinear 
relationship between normalized signal and binding density for Q75A NikR.  Model independent 
analysis of the data past a normalized signal of 6500 was not included because of noise (see 
Theory section).  The solid black line through the diamond points is the best fit line with the 
following equation: ε302nm = 2660.2νP + 2.1394. The long dashed line represents a shift in the 
signal to binding density relationship such that any additional binding observed with normalized 
signal ≥ 6500 is assumed to follow the strictly linear relationship (solid black line connecting two 
square points) to the average maximum signal at saturation. The short dashed line shows a 
strictly linear relationship between normalized signal and binding density over the whole range 
based on the average maximum signal at saturation.  E.) Ni2+ titrations with H62A NikR.  The data 
points are from 4 separate titrations at the following active (monomer) protein concentrations (in 
µM): 25.8 (circles), 41.5 (squares), 56.0 (triangles), 72.3 (diamonds).  F.) Linear relationship 
between normalized signal and binding density for H62A NikR. The solid black line shows a strict 
linear relationship between normalized signal and binding density.  This line is within error of most 
of the points, indicating that the H62A mutant obeys this relationship.  For plots B., D., and F., 
The error bars are the standard error in the slopes from the linear fits (see Figure 5-3B). 
 
For Q75A NikR, the relationship between signal and binding density was fit with two linear phases 
(Figure 5-7).  The first phase was determined with model independent analysis for normalized 
signal values up to 6500 M-1cm-1.  The second phase follows the line for strict proportionality 
between signal and binding density.  A dashed line in Figure 5-7 denotes the switch from the first 
phase to the second at 6500 M-1cm-1.  Attempting to fit these data to a polynomial was 
problematic because the of the steepness of the titration curve where the only data point with 
normalized signal above 6500 M-1 was at saturation.  Thus, the behavior that accounts for the 
transition between the two signal phases was not well determined.  The difference between early 
and late phases of the Ni2+ binding titration with Q75A accentuated the apparent positive 
cooperativity observed in the plot of binding density vs. [Ni2+]total (Figure 5-9) compared to the 
assumption of strict proportionality throughout the binding curve.  The mutation of Gln75 disrupts 
the H-bond network and the high-signal state persists when the average binding density is two 
per tetramer, also consistent with the H-bond signal switch model.  However at higher binding 
densities (3 – 4 Ni2+/NikR4), the molar absorptivity of bound Ni2+ still switches to a low signal 
state. 
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Figure 5-8.  Comparison between hypothetical and model independent relationships between 
normalized signal and binding density for WT NikR.  The black points with error bars correspond 
to the data presented in Figure 5-7B.  The red diamonds were generated as a function of binding 
density according to the simple “signal state” model presented in the Results section based on 
the different forms of the 2 Ni2+/NikR4 species (A-C).  The red points are within error of the model 
independent analysis. A through C:  Cartoon representations of the six possible arrangements of 
2 bound Ni2+ ions to the high affinity binding sites on the WT NikR tetramer.  Blue boxes 
represent ACT domains, black boxes represent RHH dimers, and green circles represent bound 
Ni2+ ions.    Due to closest proximity between bound Ni2+ ions, I hypothesize that state A is a “low 
signal” (7590 M-1cm-1) state while states B and C are “high signal” (8910 M-1cm-1) states. It is also 
assumed that all 1 Ni2+/NikR4 species are high signal states while all 3 and 4 Ni2+/NikR4 species 
are low signal states.  These relationships may be different for NikR mutants. 
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5.4.2  Fitting the Ni2+ titrations with a stepwise binding model 
The four-step Adair equation (Eqn. 5-4) was used to obtain macroscopic stepwise Ni2+ binding 
constants for each protein (see Figure 5-9 and Table 5-2) from the model independent isotherms.  
Different numbers of independent parameters (
€ 
ki  values, expressed as association constants) 
were used to determine the best fit model.  For additional comparison, fitting was also performed 
with both a four independent, identical sites model and the Hill equation (expressed using a 
dissociation constant).  Also included for comparison are the best fit parameters for each protein 
assuming a linearly proportional signal, which is only valid for the H62A mutant based on the 
model independent analysis.  All fits included the coupled Ni2+-EGTA equilibrium, so that the 
parameters are expressed relative to the [Ni2+]free.  However, the nonlinear least squares 
parameter optimization was conducted implicitly, using [Ni2+]total as the independent variable.  
Statistical comparison of different model fits for each NikR variant was conducted using an F-test 
to determine the significance (P-value) of including additional parameters (independent stepwise 
€ 
ki  values).26  For selected fits with each protein, the 95% confidence intervals of the parameters 
were determined using model comparison with F-ratios (see Table 5-2).26 
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Figure 5-9.  Best fit of the stepwise binding model (Eqn. 5-4) for WT, Q75A, and H62A.  The best 
fit parameters for these curves are shown in bold in Table 5-2.  A.) Best fit to all 13 Ni2+ binding 
curves for WT NikR, using a model with two independent stepwise binding constants (
€ 
k1=
€ 
k2 ; 
€ 
k3=
€ 
k4 ). B.) Best fit to all 4 Ni2+ binding titration curves for Q75A NikR using three unique 
stepwise binding constants (
€ 
k1, 
€ 
k2 , 
€ 
k3=
€ 
k4 ).  C.) Best fit to all 4 Ni2+ binding titration curves for 
H62A NikR using a model with one unique stepwise binding constant (
€ 
k1=
€ 
k2=
€ 
k3=
€ 
k4 ). 
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Table 5-2.  Results from fitting different models to WT, Q75A, and H62A NikR titration data.   
Binding Model NikR Variant 
 WT 
N=264a 
H62A 
N=80 
Q75A 
N=79 
Stepwise, 1 
parameter 
(
€ 
k1=
€ 
k2=
€ 
k3=
€ 
k4 ) 
 
1.84E12 
(1.72E12 – 1.96E12)b 
1.71E12c 
(1.59E12 – 1.84E12) 
9.87E12 
Stepwise, 2 
parameters 
(
€ 
k1=
€ 
k2 ; 
€ 
k3=
€ 
k4 ) 
 
2.39E12 
(1.87E12 – 3.17E12) 
1.69E12 
(1.53E12 – 1.87E12) 
 
1.59E12 
1.85E12 
3.04E11 
(1.85E11 – 5.68E11) 
3.68E13 
(2.27E13 – 6.65E13) 
Stepwise, 3 
parameters 
(
€ 
k1,
€ 
k2 ,
€ 
k3=
€ 
k4 ) 
 
2.24E12 
2.66E12 
1.75E12 
1.23E12 
1.91E12 
1.81E12 
1.01E12 
(3.12E11 – 6.62E12) 
7.84E8 
(2.85E8 – 2.82E9) 
4.48E14 
(2.70E14 – 8.51E14) 
 
Stepwise, 4 
parameters 
(
€ 
k1,
€ 
k2 ,
€ 
k3 ,
€ 
k4 ) 
 
1.93E12 
3.15E12 
1.52E12 
1.82E12 
 
3.74E11 
7.94E12 
8.75E11 
2.45E12 
 
1.03E12 
1.51E10 
2.38E13 
4.80E14 
4 Identical Sites 
(
€ 
k ) 
 
1.84E12 1.71E12 
 
9.87E12 
Hill Equation (
€ 
KD , 
€ 
n) 4.98E-13 
0.96 
5.94E-13 
1.06 
2.81E-13 
2.97 
    
 Fits assuming linear signal relationshipd 
Stepwise, 2 
parameters 
(
€ 
k1=
€ 
k2 ; 
€ 
k3=
€ 
k4 ) 
 
2.85E13 
1.51E12 
As above 2.41E19 
1.21E18 
Hill Equation (
€ 
KD , 
€ 
n) 2.97E-13 
0.74 
As above 8.74E-16 
0.47 
a, N is the total number of data points included in the four or more titrations conducted with each 
protein. 
b, numbers in parentheses are the 95% confidence interval for the preceding parameter (for 
selected fits).  Calculated using model comparison with an F-ratio (see Theory).   
c, 
€ 
ki  values in bold were selected due to significantly better fits to the data relative to the 
previous simpler model (using an F-test, see Results).   
d, The linear signal relationship entries assume strict linear proportionality between signal and 
Ni2+ binding stoichiometry (which fits the data from model independent analysis of H62A only). 
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Best fits to the stepwise binding model with increasing numbers of binding constants are shown 
graphically for WT, H62A, and Q75A in Figure 5-9.  For WT, there was significant improvement in 
the fit when two independent 
€ 
ki  values were used instead of one (P-value 3.6E-44).  The addition 
of a third independent parameter did not significantly improve the fit.  For the WT fit shown, the 
residuals show larger deviations at higher [Ni2+]Total (i.e. higher binding density), but are still nearly 
randomly distributed.  For Q75A, the addition of a third independent 
€ 
ki  value significantly 
improved the fit vs. two independent 
€ 
ki  values (P-value of 0.00026). The residuals for the Q75A 
three parameter fit show larger deviations between 1.0E-05 and 1.0E-04 [Ni2+]Total, which is likely 
due to uncertainty in switching between low and high signal states.  The difference between 
€ 
k1  
and 
€ 
k2 with Q75A indicates negative cooperativity for the second Ni2+ binding step, while the 
greatly increased binding constant for the last two Ni2+ binding steps shows strong positive 
cooperativity in this mutant (see Table 5-2).  The uncertainties in 
€ 
k1 and 
€ 
k2 span an order of 
magnitude for the Q75A best fit with three parameters.  When the first two binding steps are fit 
with a single binding constant the uncertainty decreases substantially (two parameter fit with 
Q75A, Table 5-2), but the apparent strong positive cooperativity for the last two binding steps 
remains of similar magnitude relative to 
€ 
k1.  Fits of the H62A NikR data were not significantly 
improved by the addition of more than one binding constant.  The best fit residuals appear to be 
nearly randomly distributed with H62A.  The H62A binding constant for all four Ni2+ binding steps 
is within error of WT, indicating that this mutant does not significantly perturb the equilibrium Ni2+ 
binding affinity of the protein. 
 
The effects of the H62A and Q75A mutations on equilibrium Ni2+ binding relative to WT are 
shown in Figure 5-10, in which the binding density data has been transformed from [Ni2+]total to 
[Ni2+]free.  The solid lines are simulated curves as a function of [Ni2+]free using the best fit for each 
protein determined of the stepwise binding model with either one, two, or three independent 
parameters (H62A, WT, and Q75A respectively- see Table 5-2).  It is clear that the Ni2+ binding 
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affinity of the Q75A mutant increases substantially at nickel binding density ≥ 2 Ni2+/NikR4.  In 
contrast, there are small differences between WT and H62A NikR up to 2 Ni2+/NikR4. 
 
Figure 5-10.  Model binding curves as a function of free Ni2+ using the best fit binding constants 
and stepwise binding model for WT, Q75A, and H62A NikR.  The data point x-values are 
transformed from the plots of binding density as a function of the total Ni2+ concentration, taking 
into account the Ni2+ bound to NikR and the Ni2+-EGTA equilibrium.  The data point y-values are 
identical to Figure 5-9.  The solid lines are model curves using Eqn. 5-4 and the best-fit 
parameters for each protein from Figure 5-9 (and Table 5-2). 
 
These results provide a reasonable explanation for the increased repressor activity of Q75A 
NikR.  Specifically, when the species fractions (see Figure 5-11) of the two proteins are 
compared both as a function of [Ni2+]free or the mole ratio of Ni2+ to NikR4, Q75A more readily 
becomes fully Ni2+ saturated and shows little population of the intermediate species between 1 
Ni2+/NikR4 and 4 Ni2+/NikR4.  The WT protein shows a more even distribution of the species, as 
expected from the similar stepwise binding constant values. 
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Figure 5-11.  Species fractions calculated using the best fit stepwise model with for WT and 
Q75A respectively.  The selected fits used two (
€ 
k1=
€ 
k2 , 
€ 
k3=
€ 
k4 ; WT) and three (
€ 
k1 , 
€ 
k2 , 
€ 
k3=
€ 
k4 ; 
Q75A) independent parameters.  The colored lines correspond to the following species:  black- 
apo NikR; blue- 1 Ni2+/NikR4; green- 2 Ni2+/NikR4; orange- 3 Ni2+/NikR4; red- 4 Ni2+/NikR4; brown- 
fraction of NikR sites occupied.  These plots show that Q75A can form the Ni2+ saturated species 
(4 Ni2+/NikR4) to a greater degree at both lower free Ni2+ and lower Ni2+total to NikR4 ratio than WT. 
 
5.5   Discussion 
The work presented in this chapter provides clear evidence of the importance of model 
independent analysis to accurately determine stepwise Ni2+ binding constants for WT and mutant 
NikRs.  Without this knowledge, the potentially nonlinear relationship between absorbance signal 
and Ni2+ binding density confounds quantitative comparison of the Ni2+ binding characteristics of 
NikR variants.  Knowledge of the relationship between signal and binding density combined with 
accurately determined stepwise Ni2+ binding constants allows the estimation of fully saturated and 
intermediate Ni2+ binding density species fractions at a given mole ratio of Ni2+:NikR4 (see Figure 
 146 
5-11).  This information is an important first step in understanding how allosteric regulation of 
NikR could depend on achieving a particular bound Ni2+ stoichiometry.  In addition, the Q75A 
mutation presented here shows that Ni2+ binding affinity can change depending on the bound Ni2+ 
density.  This implies that the affinity is not hardwired by the primary coordination environment, 
but is sensitive to interactions between binding sites mediated by the ACT domains.   
 
It is important to consider how the data reported here differs from previously published reports on 
WT E. coli NikR Ni2+ binding.10; 11 Analysis of the model independent data using the Hill equation 
returns an apparent KD of 0.5 pM with a Hill coefficient near unity (0.96), which is quite similar to 
one of the previous studies of nickel binding to NikR using a linear signal relationship.11  
However, when a strictly linear signal to binding density relationship was used to fit the data from 
this study with the Hill equation, the apparent KD was 4-fold tighter and the Hill coefficient lowered 
to 0.74, suggesting apparent negative cooperativity.  These differences clearly demonstrate that 
accounting for the nonlinear relationship between absorbance signal and binding density is 
required to quantitatively analyze the Ni2+ binding behavior of NikR.  In addition, the assumption 
of a linear relationship between absorbance signal and binding density can lead to calculated 
NikR-bound Ni2+ concentrations that are greater than the [Ni2+]total, especially for the lower 
[Ni2+]total titration points.  This behavior is enhanced at higher [NikR]total, so that accurate 
determination of [NikR]active is critical.  Additionally, the total EGTA competitor concentration used 
here (400 µM) is lower than previously published reports (1 mM).  Use of the higher competitor 
concentration shifts the observed binding curve to greater total Ni2+ concentrations, which would 
mask the effect of obtaining apparent bound Ni2+ concentrations greater than the total Ni2+ added 
with WT NikR.  This might explain why the resulting parameters from fitting to the Hill equation 
are similar between this study and previous reports.10; 11   
 
The Q75A mutant emphasizes the importance of using the model independent approach to study 
Ni2+ binding to NikR.  When assuming a linear signal to binding relationship for this mutant, the 
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likelihood of getting an apparent bound Ni2+ concentration higher than the total Ni2+ concentration 
was greatly increased for the first two binding steps.  Fitting the resulting binding curve was 
problematic, with poorly constrained and unreasonably tight affinity values (Hill equation apparent 
KD 0.9 fM; stepwise binding model 
€ 
ki  ≥ 1018 M-1).  Model independent analysis results in better 
quality fits with better-determined binding constants for comparison with WT NikR and consistent 
with the increased repressor activity of Q75A. 
 
In contrast, the H62A mutant protein exhibits a linear signal to binding density relationship 
according to the model independent analysis.  Additionally, this mutation does not exhibit any 
difference in stepwise binding constants for the 4 nickel binding events.  However, the difference 
in ε302 of bound Ni2+ relative to WT (see Table 5-1) suggests that this substitution affects the 
spectroscopic properties of the Ni2+ site.  Any conformational change that alters the electronic 
properties of the binding site could increase the probability of the ligand to metal charge transfer 
electronic transition that gives rise to the absorbance feature at 302 nm. 
5.5.1  Effects of NikR mutation on repressor function 
The results of the Pnik-lacZ reporter expression assays (Figure 5-4) demonstrate that the Q75A 
mutant is a more active repressor than WT NikR in E. coli.  The quantitative comparison of Ni2+ 
binding activity between Q75A and WT NikR provides an intriguing explanation of this gain of 
function mutation.  The species fractions calculated for Q75A and WT (Figure 5-11) using the 
best fit parameters for each protein illustrate that Q75A can more readily reach fully saturated 
ligand binding density (4 Ni2+/NikR4) compared to wild-type as a function of either [Ni2+]free or 
Ni2+:NikR mole fraction in the system.  Thus, in a cellular context, Q75A has become a more 
effective competitor for nickel ions with other Ni2+ binding proteins.  An alternative explanation is 
that Q75A binds DNA better than WT NikR.  Additional experiments are required to test this 
possibility.  While Gln75 is relatively well conserved evolutionarily, some variability exists at this 
position in other microbes (including Ala, Glu, Lys/Arg, His, and Phe/Leu).  This and other 
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positions in the NikR sequence may help tune repressor activation to the particular needs of each 
organism.  
 
The mutation of His62 had a less pronounced effect on NikR activity in the Pnik-lacZ assay when 
no additional Ni2+ was supplemented to the culture (Figure 5-4).  The measured LacZ activity 
increased relative to WT by only 16% (with standard error of 10%), a modest impairment of NikR 
activation.  Compare this with the 43% increase in LacZ activity due to the C95A loss of function 
mutation under this culture condition.  In the presence of added Ni2+, both WT and H62A become 
activated repressors that decrease LacZ activity by 7.7 and 5.5 fold respectively.  Because these 
two proteins have very similar Ni2+ binding parameters (see Table 5-2 and Figure 5-10), it is 
possible that H62A mutation modestly impairs Ni2+ activation of repressor function.  Other data 
(Peter Chivers, unpublished results) suggest that this difference in repressor function may be 
more pronounced under other culture conditions.  The variation observed in H62A activity 
compared to wild-type NikR may result from changes in other aspects of the mutant protein, such 
as Ni2+ binding kinetics.  However, the variability in total intracellular Ni2+ in this cell-based assay 
could also influence NikR activity at lower Ni2+ availabilities where the H62A and WT protein 
exhibit small differences in Ni2+ binding density (Figure 5-10).  Further experiments with both WT 
and mutant proteins are necessary to assess the mechanism of altered NikR function with the 
H62A mutant. 
5.5.2  Why does NikR have four binding sites with sub-picomolar affinity 
for Ni2+?  
The effective concentration of a single molecule in an E. coli cell (~1 fL volume) is ~1 nM.31; 32 Yet 
NikR is one of several metalloregulators with equilibrium dissociation constants for their cognate 
metals well below this figure.31; 33; 34  This discordance has led to the hypothesis that these high 
affinities are more a consequence of evolving sites that selectively bind the target metal over 
 149 
other bio-available transition metals combined with the need to effectively compete for the 
cognate metal in the cell.35 
 
The work presented here and elsewhere36 reinforces the idea that increasing Ni2+ availability to 
NikR increases its in vivo activity as a repressor.  In this study, the increased Ni2+ availability for 
the Q75A mutation results from the increased binding constant for the last two Ni2+ binding steps.  
Q75A NikR is a more effective Ni2+ competitor that can reach higher Ni2+ binding density for a 
subset of tetramers with a given amount of available metal.  The activity of this mutant suggests 
that a key aspect of NikR activation is the saturation of all of its Ni2+ binding sites.   
 
Although many prokaryotic metalloregulators are oligomeric,35 what if NikR had only a single Ni2+ 
binding site, or if only 1 bound Ni2+ were sufficient to activate high affinity operator DNA binding?  
If this were true, there would be increased likelihood that Ni2+ leakage from other complexes 
(such as hydrogenase assembly components and hydrogenase enzyme turnover) or high 
transport rates due to short-lived increases in environmental Ni2+ would lead to nikABCDE 
repression under conditions where maintaining expression of the Ni2+ importer is important to the 
cell.  However, four binding sites and the potential requirement that 3 or 4 bound Ni2+ ions are 
necessary for any one NikR tetramer to act as an effective repressor changes this picture 
significantly. This allows the pool of NikR tetramers to serve as a high affinity reservoir that can 
buffer excess Ni2+ ions up to the point of repressor activation and shut down of Ni2+ import.  The 
overall effect is that high levels of NikR activation occur when there is a sustained increase in 
intracellular Ni2+ rather than minor fluctuations in available Ni2+ due to changing levels of other 
intracellular components. In this regime, NikR expression levels can be tuned to provide a certain 
average repressor activity based on the likelihood of tetramers achieving the necessary Ni2+ 
binding density once excess Ni2+ is available in the cell. 
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The combination of Pnik-lacZ reporter expression results for WT and the C95A and Q75A mutants 
(Figure 5-4) presented in this chapter clearly demonstrate that even in the absence of added Ni2+ 
to the cell cultures, enough Ni2+ is available for some fraction of NikR tetramers to become 
activated repressors.  Due to positive Ni2+ binding cooperativity, the Q75A mutant populates the 4 
Ni2+/NikR4 species much more readily than WT under a given concentration of Ni2+ and NikR 
tetramers.  In contrast, WT NikR tetramers all bind Ni2+ with similar affinity regardless of their 
current bound Ni2+ density, which means that the intracellular Ni2+ level required for full repressor 
activation is sensitive to the concentration of NikR tetramers.  This scenario likely allows greater 
flux of Ni2+ through the hydrogenase pathway until the functional hydrogenase requirement has 
been met prior to NikR repressor activation.  Therefore E. coli NikR function is optimized for its 
role as a regulator, not strictly a sensor of any increase in Ni2+ availability.  Mutations that alter 
the Ni2+ binding characteristics and resultant repressor activation could be deleterious through 
either gain or loss of function, depending on the metabolic requirement for Ni2+. 
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Chapter 6 
Understanding the allosteric mechanism of NikR and 
implications for the broader study of ACT domain control 
6.1   Significance of the work presented in this dissertation 
The combination of computational and experimental investigations presented in this thesis has 
contributed to our understanding of NikR function in several important areas.  The following 
paragraphs provide an overview of each chapter describing how the main points add to the 
overall picture.  The work described in this dissertation lays the groundwork for a thorough 
biophysical understanding of the molecular mechanism of NikR activation.  Additional work will be 
required by future investigators to more fully understand this process, however the tools adapted 
or developed for the studies described here will be very beneficial for future investigations.  
Furthermore, the methods employed and several of the main findings have implications for the 
study of other ACT domain containing proteins, which are described in detail later in this chapter. 
 
As discussed in the first Chapter, the NikR protein exhibits a singular combination of a previously 
characterized DNA binding domain (the RHH domain) with a small molecule binding regulatory 
domain (the ACT domain).  Other RHH containing transcription factors have DNA binding activity 
regulated through binding small molecules or other protein subunits, such as MetJ and FitA/B 
respectively.1 However, NikR stands out from other known RHH transcription factors because it 
employs a widespread allosteric module, the ACT domain, to recognize Ni2+ ions in the cell and 
activate DNA binding.  The ACT domain has evolved in several different contexts to recognize a 
variety of small molecules including amino acids, nucleic acids, vitamins, metabolic precursors, 
and transition metal ions.2-4 Upon binding their cognate allosteric effectors, ACT domains 
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modulate the activity of several types of “biological function” domain, including enzymes, 
transcription factors, transporters, and signaling proteins.2-4 
 
The second Chapter reports H/D exchange experiments measured by mass spectrometry that 
have established a Ni2+ specific conformational change of NikR in solution in response to metal 
binding.  This response is mirrored by Ni2+ specific repressor activation measured in vivo using a 
Pnik-lacZ reporter expression assay.  Establishing Ni2+ specificity is crucial because it supports the 
idea that a specific set of residue interactions are engaged by bound Ni2+ in order to optimally 
activate DNA binding and repressor function.  Additionally, the work in Chapter two shows that 
Ni2+ binding stabilizes an altered conformation in solution in the absence of DNA, which is not 
apparent from the available set of NikR X-ray crystal structures.  These data support a model of 
NikR activation that involves additional residues beyond those with crystallographically observed 
Ni2+ dependent structural stabilization in alpha helix 3.5; 6 
 
The third Chapter utilizes molecular dynamics simulation of the apo NikR protein to explore 
interactions between the ACT and RHH domains by analyzing the equilibrium conformational 
fluctuations encoded by the protein fold.  Using principal component analysis, evaluation of the 
large-scale collective modes of motion shows that equilibrium fluctuations of the apo NikR 
structure significantly overlap the conformational change required to transform the apo NikR 
crystal structure to the Ni2+ and DNA bound NikR structure.  These functionally relevant 
conformational fluctuations were further analyzed in order to group residues with similar 
correlation patterns in both Cartesian coordinate fluctuations and the making and breaking of 
non-covalent contacts.  Groups of residues with similar correlation patterns were clustered and 
used to trace a possible allosteric communication pathway from the Ni2+ binding sites to the 
ACT/RHH domain interface and the DNA binding sites.  Additionally, “hub” residues were 
identified that have the largest number of significant non-covalent contact correlations with 
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residues at the two sets of binding sites.  The residues identified through these studies are 
hypothesized to be involved in allosteric communication between the ACT and RHH domains. 
 
The fourth Chapter recasts non-covalent contact analysis in terms of the protein structure graph.  
Dijkstra’s algorithm was adapted to find the most probable paths connecting the Ni2+ and DNA 
binding sites, thereby identifying intervening residues that act as “bottlenecks” in the potential 
communication network between the two sets of binding sites.  The combination of “bottleneck” 
and “hub” residues from non-covalent contact path finding and correlations provide a list of 
residues that are likely important for allosteric communication in NikR.  Furthermore, these 
analyses have been successfully applied to another allosteric protein, human thrombin, thereby 
establishing the generality of this approach to yield signatures of allosteric communication from 
protein MD simulations.  In addition, a comparison with other published methods aimed at 
identifying allosteric pathways shows the relative advantages of the methods described in 
Chapter 4.  Placing these methods in context underscores the high level of interest among 
current investigators in identifying residue-level signatures of allosteric communication from 
molecular simulations. 
 
The fifth Chapter adapts to NikR a strategy for correctly analyzing spectroscopic data reporting on 
ligand binding to proteins with multiple binding sites.  The model independent analysis technique 
is used to demonstrate a non-linear relationship between UV-visible absorbance signal at 302 nm 
and the binding density of Ni2+ on NikR tetramers (up to 4 Ni2+/NikR4).  The analysis is extended 
to the Q75A and H62A mutants, showing that mutations in the ACT domain of NikR can change 
the relationship between signal and binding density.  This information is crucial for comparing the 
binding affinity and degree of cooperativity between WT and NikR mutants.  Understanding how 
mutation changes Ni2+ binding cooperativity, in combination with the effects of mutation on NikR 
activation in vivo, leads to a model of NikR repressor activation in response to elevated Ni2+ 
levels that is not overly sensitive to small fluctuations in available Ni2+.  
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In this chapter the results of the previous chapters are combined with a few additional key pieces 
of information to synthesize a new model for the NikR allosteric mechanism.  This model is 
speculative, but leads to testable hypotheses and is based on data from different sources that 
provide a consistent picture.  A survey of the available NikR crystal structures (from E. coli, H. 
pylori, and P. horikoshii) is used to build a list of domain interface contacts whose rearrangement 
could be important for NikR activation.  A subset of the residues selected using MD analyses 
presented in Chapters 3 and 4 are shown to connect the Ni2+ binding sites to these domain 
interface contacts.  Several of the NikR ACT domain residues that are highlighted throughout this 
Thesis are compared with data from the ACT domain of E. coli PGDH.  This comparison is used 
to create a framework for understanding how ACT domain topology might provide a similar 
allosteric mechanism in a variety of different biological contexts.  NikR and PGDH both utilize 
some of the same “control points” in the ACT fold to establish allosteric communication with the 
attached biological effector domain.  Finally, this chapter concludes with suggested future work 
that builds upon the results and analysis presented in this Thesis. 
6.2   Understanding the allosteric mechanism of NikR regulation 
6.2.1  Overview and a NikR allosteric model in the current literature 
The overall goal of the research described in this Thesis has been to discover how the Ni2+ 
binding sites and DNA binding domains of NikR are linked -- i.e. what is the mechanism of 
allosteric regulation?  The molecular dynamics simulation analyses presented in Chapters 3 and 
4 have been conducted under the hypothesis that a specific network of amino acid interactions 
connects the Ni2+ binding ACT domain to the DNA binding RHH domain.  Special emphasis is 
placed on domain-spanning “control point” residues that may affect the relative orientation of the 
two domains and subsequent DNA binding capability of the NikR tetramer.  However, conclusions 
drawn by other investigators about NikR activation involve a somewhat different model.7 Zamble 
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and co-workers have suggested that the main connection between the ACT and RHH domains is 
merely the polypeptide backbone via a “flexible linker”.  They have concluded that Ni2+ binding at 
the high affinity sites has two main effects: 
 
1.) Structuring alpha helix 3, thereby properly arranging Lys64 and Arg65 (in the loop preceding 
alpha helix 3) to make non-specific DNA phosphate backbone contacts. 
2.) Stabilizing the entire ACT domain to proteolytic degradation, thereby allowing NikR tetramers 
that are non-specifically bound to DNA more time to randomly dissociate and rebind until 
contact with the specific operator sites leads to tighter binding, longer site occupancy, and 
nikABCDE repression. 
 
Their model assumes that the RHH domains re-orient upon contacting the DNA, but only 
following initial DNA binding by the Ni2+ bound ACT domain.  The RHH domain re-orientation, in 
turn, forms a K+ binding site at the domain interface, which further stabilizes a DNA-binding 
competent NikR conformation.5 Finally, they assert the role of an as yet unidentified low-affinity 
Ni2+ binding site on NikR, whose occupancy leads to full repression of nikABCDE.7   
 
While elements of the above model make sense, there are data that suggest another mechanism.  
First, the NikR ortholog from Pyrococcus horikoshii (PhNikR) lacks Lys64 and Arg65, replacing 
them with glutamic acid and glycine, respectively, at the structurally equivalent positions.  Since 
PhNikR is quite similar to NikR from E. coli (EcNikR) in many other respects, including formation 
of an identical low-affinity cation-binding site at the domain interface in the closed conformation 
(and in the absence of DNA),8 it seems unlikely that PhNikR would have an appreciably different 
allosteric activation mechanism.  Furthermore, all of the available Helicobacter pylori NikR 
(HpNikR) crystal structures are in the closed form in the absence of DNA, including apo HpNikR.  
This would suggest that the relative orientations of the RHH and ACT domains observed in NikR 
crystal structures are heavily influenced by crystal packing forces, regardless of the presence or 
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absence of bound Ni2+.  Furthermore, alpha helix 3 is fully resolved in the apo structures of 
PhNikR8 and HpNikR,9 in both open and closed RHH domain orientations respectively.  While 
alpha helix 3 stabilization appears to be Ni2+ selective relative to Zn2+ based on crystal structures 
of NikR ACT domain tetramers,6 Cu2+ binding affords similar crystallographic stabilization, but 
does not have the same effect in solution as determined by H/D exchange in Chapter 2.  Clearly 
the structural effects in solution due to Ni2+ binding at the high affinity sites of NikR go beyond 
alpha helix 3 stabilization. 
 
A potentially important aspect of NikR regulation is the overall negative charge of the protein at or 
above neutral pH.  EcNikR, PhNikR, and HpNikR all have predicted isoelectric points (pI) in the 
range of 5.2 to 5.8 (from the Compute pI/Mw tool found at http://ca.expasy.org/tools/pi_tool.html).  
In addition, based on our structural modeling and theoretical pKa predictions, the EcNikR 
tetramer has a predicted total charge of -28 using either the DNA-bound structure, pdb ID 2HZV, 
or the minimized apoEcNikR structure with missing residues rebuilt, both at pH 7.6 (using 
PDB2PQR with PROPKA, found at http://pdb2pqr.sf.net/).10; 11  It is likely that transcription factors 
with an acidic pI and high overall negative charge have decreased non-specific DNA binding, 
allowing for tighter regulation through controlling a specific DNA-binding competent conformation.  
For example, another tetrameric RHH protein, Mnt from bacteriophage P22, likely has an acidic pI 
(5.8 using the above online tool) and relies on cooperative contacts between RHH dimers binding 
adjacent operator half-sites to form a tight and specific complex with operator DNA.12   
 
The primary question is, what are the main consequences of Ni2+ binding that lead to NikR 
activation?  With apo WT EcNikR, DNA binding has been unobservable by DNAse I footprinting 
with up to 10 µM protein,13 whereas the measured affinity in the presence of 1:1 Ni2+/NikRmonomer 
is between 5 and 30 nM.13; 14 A telling feature of the interaction between full-length EcNikR and 
operator DNA is that certain base substitutions in both half-sites, or sequence scrambling of one 
full half-site abrogate observable binding by gel-shift in the presence of excess Ni2+.15 With WT 
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EcNikR and the WT operator sequence, these conditions normally afford ~10-20 pM DNA binding 
affinity.13; 14 Conversely, the full EcNikR tetramer can bind a short piece of DNA containing a 
single half-site with higher affinity than DNA containing the full nik operator in the absence of Ni2+ 
(Peter Chivers, personal communication).  It is possible this DNA binding activity occurs through 
a single RHH domain in an “end on” fashion that doesn’t require the rest of the tetramer to be in 
close contact with the DNA.  This is supported by observed DNA binding of the isolated EcNikR 
RHH dimer (residues 1-48, 6.25 µM protein) by footprinting16 in the absence of Ni2+.  All of the 
above data imply a relatively strict Ni2+ dependent conformational requirement for the full-length 
tetramer to contact both operator half-sties and overcome unfavorable electrostatics to form a 
tight complex with the full operator site.  When the EcNikR tetramer assumes the correct 
conformation, it presents a favorable electrostatic surface to engage the DNA, as demonstrated in 
Figure 6-1 below.  Therefore the role of the NikR ACT domain in this model is to provide 
cooperative contacts for the two NikR RHH dimers, facilitated through the ACT tetramer in a Ni2+ 
dependent fashion.   
 
To date, the “closed cis” conformation (both RHH domains pointing “down” to engage the DNA 
major groove) has only been observed in the co-crystal structure with EcNikR and DNA.  All of 
the observed HpNikR and PhNikR structures in the closed conformation off of DNA instead are 
found with RHH domains in “trans” (one up, one down, see Chapter 1, Figure 1-5).  However it is 
easy to explain how the trans conformation could more readily form a repeating crystal lattice, 
especially since several of these structures contain just a dimer in the asymmetric unit.  The 
DNA-EcNikR co-crystal structure however contains two complete NikR tetramers, each with 
bound dsDNA in the asymmetric unit.5 It is expected that in solution the “closed cis” conformation 
is in equilibrium with the more extended open and “closed trans” conformations.  This idea is 
supported by the PCA results presented in Chapter 3 where the apoEcNikR molecular dynamics 
simulation identifies large-scale conformational fluctuations that connect the open and closed cis 
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structures.  The key to understanding NikR activation is then to identify residue interactions that 
increase the likelihood of forming the closed cis conformation in response to Ni2+ binding. 
 
 
Figure 6-1.  Electrostatic potential calculated for the solvent accessible surface, mapped on the 
molecular (Connolly) surface of the EcNikR tetramer in the closed “cis” conformation.  The protein 
structure was taken from the Ni2+ and DNA bound crystal structure, PDB ID 2HZV (using chains 
A, B, C, and D).  Ni2+ and DNA were not included in the electrostatics calculation.  Red denotes 
areas of negative potential and blue denotes areas of positive potential, scaled from -5 to +5 
according to the colorscale.  A.) and B.) are the same rendering related by a 90° rotation.  The 
.pqr file was generated using PDB2PQR 1.4.0 through the web interface http://pdb2pqr.sf.net/.10; 
11  The electrostatic potential surface was calculated using APBS 1.1.0.17 The figure was 
generated using Pymol 1.02 (DeLano Scientific, Palo Alto, CA). 
 
6.2.2  A new model for NikR allostery 
If one of the key elements of NikR activation is changing the likelihood of forming a particular 
orientation of the RHH and ACT domains, then it is important to identify inter-domain contacts 
that are rearranged upon Ni2+ binding.  These contacts can be qualitatively grouped into two 
distinct classes:  “hinges” and “latches.”  Hinge positions are points in the structure that allow the 
two domains to pivot relative to one another.  Latch positions stabilize a given conformation, 
either closed (activated repressor) or open (inactive).  Assuming the hinges and latches are both 
tunable in response to allosteric signals, these provide “control points” at the domain interface 
that affect the likelihood of NikR repressor activation.  My hypothesis is that a network of 
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interactions connects the high affinity Ni2+ binding sites in the ACT domain to these control points.  
It is also possible that such a network continues along specific residue contacts through the RHH 
domain to the DNA binding residues.  However, if altering the relative arrangement of the RHH 
and ACT domains is the primary factor in NikR activation, it would suffice if such an allosteric 
network terminated at the domain interface control point residues.  The point of the model 
presented below is to highlight potential domain interface “control points” and the network of 
amino acids connecting them to the Ni2+ binding sites. 
 
Focus on the inter-domain hinge and a hydrogen bond that could “tune” its 
mechanical properties 
 
 
Figure 6-2.  Close-up view of EcNikR inter-domain hinge tuning contact.  A.) Hydrogen bond 
observed between Gly49 and Asp104 in the apo NikR structure that was minimized for MD 
simulation.  B.) The Gly49 and Asp104 contact is not present in the Ni2+ and DNA bound closed 
cis conformation from PDB ID 2HZV.  Two different protein chains are shown (tan and silver) in 
cartoon rendering.  Residues 42 to 46 are colored green and residues 47 to 50 are colored 
orange.  Note the loss of one turn of helical structure in residues 42 to 46 depending on which 
protein chain you consider (foreground or background, in both A and B).    
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The primary hinge between the two NikR domains occurs through the polypeptide backbone in 
the region between Gln47 and Thr50 (see Figure 6-2).  This transition region has been referred to 
as a “flexible linker” connecting the RHH and ACT domains.  This is not unreasonable given the 
observed lack of secondary structure for residues 47 to 50.  Also a full turn from the C-terminal 
end of alpha helix 2 (residues 42 to 46) can unwind in forming the closed conformation.5 Several 
NikR crystal structures are missing residues in this region, presumably due to disorder in the 
crystals.  However, in order to form the closed cis conformation, one instance of alpha helix 2 on 
each half of the tetramer terminates at Gln46 and residues 47-50 form a specific loop 
conformation that allows the entire RHH dimer to pivot while using this region as a hinge.  
Although the glycine at position 49 in this hinge region of EcNikR is not highly conserved, visual 
inspection of the NikR multiple sequence alignment (generated in Chapter 3) in this region 
generally shows at least one glycine between residues 47 and 50.  In EcNikR, position 49 
hydrogen bonds with Asp104 in both of the extended structures (+/- bound Ni2+) but not in the 
closed cis structure.  It is possible that the Gly49 – Asp104 interaction helps “tune” the hinge 
region, reducing pivoting capability in the absence of Ni2+.  The most direct non-covalent contact 
network between the Ni2+ binding sites and the inter-domain hinge involves a set of non-polar 
residues that could also be involved in tuning one of the inter-domain latches (see Figure 6-5).  
The equivalent hinge positions in PhNikR are Asn51 and Glu106.  While this contact is formed in 
both closed and open PhNikR structures, it is still possible that a small change in this contact 
(angles, bonding distances, side-chain vs. backbone hydrogen bonding) in response to allosteric 
signaling could affect the backbone angles necessary for forming the hinge region.  Aside from 
crystal structure observations, an EcNikR limited proteolysis study found a missed trypsin 
cleavage at Lys102 in response to Ni2+ binding, providing evidence of a conformational link 
between this putative hinge modulating region of the protein and the Ni2+ binding sites.18 
 
Important inter-domain “control points”: residue contacts forming “latches”  
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For the model presented here, inter-domain “latch” residue interactions fall into two 
subcategories:  1.) “gatekeepers” that disfavor forming the closed cis conformation and must be 
broken to bind DNA with high affinity; 2.) “activators” that facilitate entering the closed cis 
conformation and are formed as part of switching to the DNA binding competent state.  The 
breaking of gatekeeper contacts and formation of activator contacts leads to a “push-pull” 
mechanism of allosteric activation that could come from engaging two or more separate residue 
networks that connect with the Ni2+ binding sites.  Through comparing all of the observed inter-
domain contacts between the three available full-length EcNikR crystal structures (2 open – with 
and without bound high affinity Ni2+, 1 closed with bound high affinity Ni2+, K+, and DNA), I have 
generated lists of likely gatekeepers and activators (see Table 6-1).  Since the available PhNikR 
structures also include open and closed conformations with and without bound Ni2+, the 
structurally equivalent PhNikR residues that show the same trends as EcNikR are listed in 
parentheses in Table 6-1.  All the HpNikR structures are in the closed conformation, so 
structurally equivalent putative activator contacts that are present with Ni2+ bound are shown in 
square brackets.  
Table 6-1.  Domain interface contacts likely involved in NikR allostery from analysis of EcNikR X-
ray crystal structures.  These contacts are observed in either the open conformation only 
(Gatekeeper contacts) or the closed conformation only (Activator contacts).  Residues listed in 
parentheses are from analysis of PhNikR X-ray crystal structures.  Residues listed in brackets are 
from analysis of HpNikR X-ray crystal structures.  For both PhNikR and HpNikR, only a subset of 
the EcNikR activator contacts are observed in the available closed trans structures. 
Gatekeeper Contacts 
(disfavor the closed cis conformation) 
Activator Contacts 
(favor the closed cis conformation) 
1.) Gln42 with His125 (Arg44 with Lys127 
via either Asp40 or the C-terminus) 
2.) Arg22 with Gln109 (Glu24 with Lys111) 
3.) Gln46 with Gln109 (Glu48 with Lys111) 
4.) Arg22 with Asp113 
 
1.) Glu30 with Ile116 to Val121 – via the 
low-affinity bound K+ (Glu32 with 
Leu118 to Val123) 
2.) Asp34 with Ile116 to Val121 – via the 
low-affinity bound K+ (Asp36 with 
Leu118 to Val123) 
3.) Gln109 with Arg23 [Gln121 with Asn32] 
4.) Asp113 with Arg23 [Leu125 with Gly33 
and Tyr34] 
 
The above residues are plotted on the NikR structure in both the open and closed cis 
conformations in Figure 6-3.  This figure shows a few key features of the conformational 
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rearrangement at the domain interface that occurs in going from apoNikR to the activated DNA 
bound conformation.  These features are described in the figure legend. 
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Figure 6-3.  A new model of NikR allostery: Latches and a hinge control conformational 
rearrangement at the RHH – ACT domain interface of EcNikR.  Top: part of the minimized apo 
NikR structure used for MD simulations.  Residues shown correspond with the “Gatekeeper 
contacts” (Table 6-1) plus the “hinge” contact between Asp104 and Gly49.  Bottom: part of the 
closed cis Ni2+ and DNA bound EcNikR structure (PDB ID 2HZV).  Residues shown correspond 
with the “Activator contacts” (Table 6-1) plus the altered “hinge” region showing that Gly49 has 
swung out from Asp104 as part of the conformational change accompanying activation.  The 
green stars denote the position of Gln47, which becomes part of the C-terminal end of alpha helix 
2 from the pivoting motion of the entire RHH dimer about the hinge region.  The orange stars 
track the position of Gln42, which swings away from the ACT domain to form the activated 
conformation, breaking its contacts with His125 and His125’.  The curved double arrow points out 
the change in orientation of the N-terminal DNA binding β-strands relative to the ACT domains 
due to the pivot motion of the entire RHH dimer.  Green spheres are K+ ions. 
 
Several of the residues involved in forming both the gatekeeper and activator contacts from Table 
6-1 and Figure 6-3 were also identified in the computational analyses presented in Chapters 3 
and 4.  Arg22, Gln42, Asp109, and Gln118 were all among the highest ranked residues in terms 
of number of significant non-covalent contact correlations in Chapter 3.  Additionally, His125, 
Asp34, and Gln42 were all in the top ten residues ranked in Chapter 4 by participation in the 
largest number of highly probable non-covalent contact paths connecting the high affinity Ni2+ and 
DNA binding sites.  The connection between conformational rearrangement observed by x-ray 
crystallography in response to Ni2+ binding and the apo NikR simulation results further supports 
the analysis strategies employed in Chapters 3 and 4.  This connection also reinforces the idea 
that the NikR structure encodes functionally relevant conformational fluctuations that are tied to 
rearrangement of non-covalent contacts between key control point residues. 
 
One of the main ideas in this model of NikR allostery is that a network of residues connects the 
Ni2+ binding sites to the tunable hinges and latches.  The MD analysis strategy using the protein 
structure graph and Dijkstra’s algorithm presented in Chapter 4 provides a facile method to trace 
high occupancy non-covalent contacts that connect the Ni2+ binding residues to other parts of the 
protein.  As currently implemented, this approach is limited to tracing along hydrogen bonds and 
salt-bridges.  Additional consideration is given to nonpolar contacts below.  Using Dijkstra’s path-
finding algorithm, the most probable paths connecting the Ni2+ and DNA binding residues across 
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the ACT and RHH domains were presented in Chapter 4.  By construction, these paths also 
contain the most probable paths connecting any intervening residue to the Ni2+ binding sites.    
Several of the most probable paths connecting the Ni2+ and DNA binding sites include residues 
forming activator and gatekeeper contacts.  Therefore, the Dijkstra analysis also provides the 
most probable non-covalent contact paths connecting these domain interface control points with 
the Ni2+ binding sites.  Two of these paths are illustrated in Figure 6-4:  one to the gatekeeper 
contact formed by His125, and another to Arg122, which is covalently connected to the Val121 
that forms an activator contact.  These two paths each represent a subset of a most probable 
path connecting one of the four Ni2+ binding sites to its closest DNA binding site, which are shown 
in full in Table 4-1 and Figure 4-4 of Chapter 4. 
 
It is important to note that Asp94 (Figure 6-4B) is covalently connected with the Ni2+ binding 
residue Cys95, which provides an additional connection with the Arg122 – Asp94 salt-bridge.  
The contact between Arg122 and Asp94 is observed in all the available NikR crystal structures, 
including alternative structurally equivalent residues in PhNikR (Asn96 and Lys124) and HpNikR 
(Asn106 and Lys134).  While neither position 94 nor position 122 (E. coli numbering) are highly 
conserved in the NikR multiple sequence alignment, there is clearly a covarying relationship 
between these two positions.  The majority of 94/122 pairs can form a favorable non-covalent 
contact and there are no cases of conflicting like charges (e.g. two Lys, two Glu, etc.) at these 
positions.  Position 122 is typically a positively charged residue, but in the few cases where a 
negatively charged residue is observed, position 94 has switched to a positively charged residue.  
There has been evolutionary selection to maintain this tight association between a residue 
covalently connected to the Ni2+ binding site, and a residue covalently connected to a domain 
interface residue that forms a key activator contact and facilitates formation of the closed cis DNA 
binding conformation. 
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Figure 6-4.  Non-covalent contact networks connecting Ni2+ binding site residues with domain 
interface residues involved in inter-domain “latch” contacts.  The residues involved in each 
network were selected using Dijkstra’s algorithm to analyze MD data and the protein structure 
graph presented in Chapter 4.  The network depicted in panel A connects His87 with the 
“gatekeeper” contact between His125 and Gln42.  The network depicted in panel B connects 
His76 via Arg122 to the “activator” contact between Val121 and the bound K+ contacting Asp34 
and Glu30.  
 
Not all of the domain interface gatekeeper and activator latch residues were selected in the 
analysis using Dijkstra’s algorithm.  Specifically there is not a direct network of hydrogen bonds 
and salt-bridges connecting the Ni2+ binding sites with Gln109 and Asp113.  These two residues 
are located on the solvent-exposed surface of alpha helix 4.  One possible alternative is that a 
network of tightly packed nonpolar side-chains through the ACT domain tetramer core could 
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transmit Ni2+ site occupancy information to these residues, causing rearrangement of their 
domain interface contacts (see Figure 6-5).  Ni2+ binding site residues Cys95, His87, and His89 
flank conserved nonpolar residues (Leu96, Val88, Ileu90) that point to the opposite face of the 
ACT domain β-sheet.  These nonpolar residues form a series of contacts that lead across to the 
other ACT domain monomer and ultimately to Val108 and Phe111 on the interior face of alpha 
helix 4 (shown in Figure 6-5). This network of nonpolar contacts could help re-position Gln109 
and Asp113 in response to slight changes in ACT core packing that could accompany Ni2+ 
binding.  In addition, Val108 forms a backbone hydrogen bond with Asp104, which could be an 
important contact that affects interactions at the inter-domain hinge. The nonpolar residues at the 
ends of this network show the highest sequence conservation among this group of residues:  
Ileu90 = 0.697, Leu96 = 0.776, Val108 = 0.818, Phe111 = 0.702 (conservation score according to 
the Scorecons server- see Chapter 3 for details). An interesting connection between Leu96 and 
the structurally equivalent ACT domain residue from PGDH (Tyr378, see Figure 6-9) is made 
later in this chapter, implicating this position in the ACT fold as a common control point utilized to 
transmit allosteric signals.  
 
Finally, a combination of polar and nonpolar contacts form a potentially important connection 
between the Ni2+ binding sites and the domain interface residue Val121.  This network is depicted 
in Panel B of Figure 6-5.  It consists of Tyr58 and Tyr60, which form backbone hydrogen bonds 
with Glu97 and Cys95 respectively.  In addition, both Tyr58 and Tyr60 can form side-chain 
hydrogen bonds with Glu97.  As pointed out in Chapter 5, Tyr58 and Glu97 participate in a 
hydrogen-bonding network that connects neighboring Ni2+ binding sites.  Tyr58 and Tyr60 also 
form a close packing nonpolar contact with Val121, providing a direct connection that could 
transmit an allosteric signal to the domain interface. 
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Figure 6-5.  Nonpolar contact networks also connect Ni2+ binding residues with important hinge 
and latch residues at the domain interface.  Panel A shows two EcNikR ACT domains with the 
RHH/ACT domain interface facing the viewer.  The hinge residue D104 and latch residues Q109 
and D113 are connected to the Ni2+ binding site residues through the following network of 
nonpolar contacts: L96, V88, I90, V55, F53, V100, L101, A54, V108, F111.  Panel B shows a 
stripped down view of a single EcNikR ACT domain monomer.  The Ni2+ binding site residues 
C95 and E97 form backbone hydrogen bonds with Y60 and Y58 respectively.  Both Y60 and Y58 
can also make side-chain hydrogen bonds with E97.  Y60 and Y58 in turn form a nonpolar 
packing interface with Val121 at the domain interface. 
 
The combination of domain interface “control point” residues and intervening residues that 
structurally connect them with the Ni2+ binding sites leads to a new model of NikR allostery.  Upon 
Ni2+ binding, hinge and latch residues located at the domain interface are triggered to rearrange 
their inter-domain contacts and shift the relative probability of forming the closed cis conformation 
of the NikR tetramer.  While this model is speculative, it is supported by careful consideration of 
the available structural and functional data, the MD analyses presented in Chapters 3 and 4, and 
comparisons with PGDH (see the next section).  Several aspects of this model can be tested 
experimentally.  Mutations designed to disrupt the transmission of allosteric signals can be 
constructed and characterized for effects on NikR function (Ni2+ and DNA binding, repressor 
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activation in vivo) and conformation in solution (H/D exchange).  In addition, cysteine mutations 
could be designed to form disulfide bonds in place of activator contacts and tested for Ni2+ 
independent DNA binding activity.   
 
This model of NikR allostery implies an ACT domain mechanism that involves active transmission 
of an allosteric signal across the fold to the attached biological effector domain.  As will be seen in 
the next section comparing the ACT domains of NikR and PGDH, the idea of “control point” 
residues may provide a predictive paradigm for understanding a general mechanism of ACT 
domain allostery. 
 
6.3   Implications for other ACT domain containing proteins 
6.3.1  Structural alignment of NikR and PGDH ACT domains and residue-
level functional comparison 
When the first NikR X-ray crystal structure was solved, it was recognized immediately that there 
is significant structural similarity (fold and domain interface) between the regulatory domains of 
NikR and PGDH.19 A recent study has identified several new putative ACT containing proteins 
that will open many doors for comparative structure/function analyses.4 Here, I present an in-
depth comparison between NikR and PGDH, the archetypical ACT domain protein. The ACT 
domains of PGDH and NikR have undetectable sequence identity from a database-searching 
standpoint (7 out of 76 alignable residues, or 9.2% identity, see Figure 6-7), yet the individual 
domains can be structurally aligned quite well (see Figure 6-6B).  The comparisons presented 
below leverage the structurally equivalent residue positions combined with construction of a 
PGDH sequence alignment (to determine residue position conservation) and parsing the 
experimental literature for PGDH to determine a correspondence between known functionally 
important or highly conserved PGDH and NikR residues. 
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Figure 6-6.  Comparison between the ACT domains of PGDH and NikR from E. coli.  A.) Both 
proteins have a very similar dimeric interface between two ACT folds (see Chapter 1), however 
the relative arrangement of the two ACT dimers (in green) is quite different between them.  B.) 
Ni2+ binding residues (His76, His87, His89, Cys95, colored red, ball and stick rendering) from 
NikR (green cartoon rendering) and serine binding residues (His344, Asn346, Asn364, colored 
orange, ball and stick rendering) from PGDH (blue cartoon rendering) structurally align with highly 
conserved residues or residues with known functional importance between the two proteins 
(grouped in red and blue letters according to serine or Ni2+ binding residues respectively, see 
Figure 6-7 below). 
 
 
 
Figure 6-7.  Structurally equivalent ACT domain residues between E. coli NikR and E. coli PGDH 
based on FATCAT pair-wise alignment.20 The structures used were chain A from 1Q5Y (EcNikR 
C-domain with Ni2+ bound) and chain A from 1PSD (EcPGDH with serine bound).  The “DSSP” 
lines denote secondary structure calculated from the atomic coordinates using the DSSP 
algorithm21 and using the following code: E = β-sheet, H = α-helix, L = turn/loop.  The numbering 
corresponds to the full-length sequence of each protein.  FATCAT and CE22 pair-wise alignment 
tools gave identical results and Dali23 was nearly identical with the only difference from the 
position of the first gap in PGDH (switched positions with P348).  Positions in red boxes 
correspond to serine binding residues in PGDH.  Positions in blue boxes correspond to Ni2+ 
binding residues in NikR.  From structural alignment, NikR and PGDH residues share 9.2% 
identity. 
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Table 6-2.  Structure/function comparison of NikR and PGDH ACT domain residues.  Serine 
binding residues from PGDH with their corresponding NikR residues are colored red and Ni2+ 
binding residues from NikR with their corresponding PGDH residues are colored blue to match 
Figure 6-6 and Figure 6-7.  The structural alignment was conducted using the pair-wise alignment 
feature of the FATCAT web server (http://fatcat.burnham.org/).20 Numbers in parentheses under 
“PGDH Residue” and “NikR Equivalent” are the sequence conservation scores from sequence 
alignments and conservation scoring according to the method presented in Chapter 3.  
 
PGDH Residues of Interest within the ACT domain 
PGDH 
Residue 
PGDH  
Experimental Significance 
NikR Equivalent 
Gly336 (0.399) Interdomain hinge, bulky mutation affects serine inhibition24; 
25 
Gly52 (0.324) 
Gly337 (0.463) Interdomain hinge, bulky mutation affects serine inhibition24; 
25 
Phe53 (0.427) 
Arg338 (0.393) Gly mutation affects serine inhibition25 Ala54 (0.520) 
Arg339 (1.00) Ala mutation affects serine inhibition26 Val55 (0.521) 
Met341 (0.858)  Ser57 (0.568) 
His342 (0.973)  Tyr58 (0.604) 
His344 (1.00) Serine binding24 Tyr60 (0.862) 
Asn346 (1.00) Serine binding24 His62 (0.829) 
Arg347 (0.447) Serine binding via backbone, mutation causes loss of 
serine cooperativity24; 27 
Glu63 (0.513) 
Pro348 (1.00) Loop moves from serine binding, asymmetric hbonding in 
absence of serine27; 28 
Arg65 (0.513) 
Gly349 (1.00) Cysteine cross-linking mutation mimics serine inhibition, 
Trp mutation blocks serine inhibition, broken hbond to A353 
upon serine binding28-30 
Asp66 (0.512, 
several Gly in the 
alignment) 
Leu351 (0.853) Trp mutation stops serine inhibition30 Ala68 (0.368) 
Thr352 (0.570) Binds water that helps bind serine29 Ser69 (0.503) 
Ala353 (0.498) Broken hbond (to G349) upon serine binding28 Arg70 (0.482) 
Asn355 (0.909) Polar ACT interface29 Val72 (0.533) 
Phe358 (0.856) Trp mutation blocks serine inhibition30 Gln75 (0.743) 
Ala359 (0.652) Cysteine cross-linking mutation mimics serine 
inhibition29 
His76 (1.00) 
Glu360 (0.581) Trp mutation shows quenching due to serine binding, 
mutation affects serine cooperativity27; 30 
His77 (0.577) 
Gly362 (0.547) Mutation causes loss of serine sensitivity27 His79 (0.443) 
Val363 (0.850) Serine binding via backbone24 Asp80 (0.521) 
Asn364 (1.00) Serine binding24 Leu81 (0.445) 
Ile365 (0.941) Serine binding via backbone24 Ser82 (0.691) 
Ala366 (0.555) Broken Hbond upon serine binding28 Val83 (0.411) 
Gln368 (0.966) Polar ACT interface29 Thr85 (0.645) 
Leu370 (0.983)  His87 (1.00) 
Thr372 (1.00) Hbond to A366 broken upon serine binding28 His89 (1.00) 
Ser373 (0.526) Mutation causes loss in serine cooperativity27 Asn91 (0.657) 
Gln375 (0.479) In active form, binds to Asn34628 Asp93 (0.532) 
Met376 (0.807)  Asp94 (0.497) 
Gly377 (1.00)  Cys95 (1.00) 
Tyr378 (1.00)  Leu96 (0.776) 
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Val379 (0.882)  Glu97 (0.978) 
Pro401 (0.516) Asymmetric h-bonding in the absence of serine27 Arg119 (0.619) 
Gly402 (0.833) (Right next to Pro401, better conserved)  Gly120 (0.797) 
Thr403 (1.00)  Val121 (0.820) 
Ile404 (0.845)  Arg122 (0.505) 
Arg405 (0.891) Ala mutation affects serine binding cooperativity and 
inhibition; domain-domain contact26 
His123 (0.473) 
Arg407 (0.964) Ala mutation affects serine binding cooperativity and 
inhibition; domain-domain contact26 
His125 (0.559) 
Tyr410 (0.573) Mutations affect serine inhibition, domain-domain contact26 Cys128 (0.448) 
 
PGDH multiple sequence alignment construction 
The multiple sequence alignment constructed for PGDH contained 45 sequences that were 
constrained to have His344, Asn346, and Asn364.  The construction of the alignment and 
sequence identity calculations were identical to the methods described in Chapter 3, except for 
the following modifications:  These sequences were pruned such that no two sequences had 
higher than 84% identity.  The resulting multiple sequence alignment has a mean pair-wise 
sequence identity of 64.08% (not especially diverse).  Consequently, the sequence conservation 
scores given for PGDH in the table are likely somewhat inflated estimates. 
 
Allosteric ligand binding residues 
In the above table, the PGDH residues highlighted in red make direct bonding contacts with the 
serine regulatory ligand.  The PGDH residues highlighted in blue structurally align with the high-
affinity Ni2+ binding residues in NikR.  For the NikR positions that are structurally analogous to 
His344 and Asn346 from PGDH, Tyr60 and His62 both have been mutated in the Chivers lab.  
The H62A mutation appears to disrupt NikR repressor activation without perturbing the Ni2+ 
binding affinity (see Chapter 5).  The Y60F mutation also appears to disrupt NikR function, 
although potential effects on Ni2+ binding remain unresolved.  Tyr58 from NikR participates in a 
hydrogen bonding network that was identified by x-ray crystallography to connect Ni2+ binding 
residues from adjacent high affinity sites.19 His342 from PGDH aligns with this residue and is 
highly conserved.  It may be involved in repositioning Thr403, a well-conserved domain interface 
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residue (see Figure 6-8 below).  It would be instructive to characterize mutations at both Y58 in 
NikR and His342 in PGDH to see what affect these mutants might have on allosteric ligand 
binding and resulting modulation of protein function.  All three of these residues, Tyr58, Tyr60, 
and His62 have been implicated in the model of NikR allostery presented above (see Figure 6-4 
and Figure 6-5). 
 
Other PGDH/NikR residues that map to this region of the ACT fold include Pro348 and Gly349 
from PGDH, which align with Arg65 and Asp66 in NikR.  Arg65 was highly ranked based on the 
number of significant non-covalent contact correlations it is involved in from NikR MD simulation 
(see Table 4 of Chapter 3).  In the PGDH crystal structures with and without serine bound, the 
region containing Pro348 and Gly349 is one of the few places that shows a small serine binding 
dependent structural displacement.27; 28 Furthermore, Gly349 is one of the cysteine cross-linking 
sites that, when oxidized, mimics serine inhibition.29 Both Pro348 and Gly349 are strongly 
conserved in PGDH.  Arg65 and Asp66 are less well conserved in NikR, but almost all the 
sequences contain a polar residue at position 65 and either a negatively charged residue or a Gly 
at position 66.  Overall, residues 58-66 form an important part of the protein that is proximal to the 
Ni2+ binding sites (and structurally equivalent to two of the serine binding residues in PGDH), 
forms non-sequence specific phosphate backbone contacts with DNA, and likely plays an 
important role in allosteric control of NikR. 
 
Finally, two highly conserved residues in PGDH align with Ni2+ binding residues in NikR but do 
not yet have any mutational data in PGDH:  Thr372 (His89 in NikR) and Gly377 (Cys95 in NikR, 
see Figure 6-6).  Thr372 may be involved in repositioning Met376 in response to serine binding, 
which in turn affects a domain interface contact (see Figure 6-8 below).  Gly377 is well conserved 
and may play an important flexibility role that is required for altering the beta 2/beta 3 loop 
conformation in response to serine binding, which is likely coupled to the overall allosteric 
 177 
mechanism.  I would predict that mutation of these residues in PGDH would either disrupt serine 
inhibition or alter the cooperativity/affinity of serine binding. 
 
 
Figure 6-8.  Domain interface rearrangement due to serine binding to PGDH: adjusted nonpolar 
contacts.  A.) Serine (purple, ball and stick rendering) inhibited E. coli PGDH (PDB ID 1PSD).  B.) 
The active form of PGDH (PDB ID 1YBA).  Comparing the two structures shows that a nonpolar 
contact between Met376 and Ile404 is broken when serine binds, allowing Met376 to swivel down 
and contact Ala95.  Thr372 h-bonds to the backbone of Met376 when serine is bound, and 
Asn346 (a serine binding residue) instead h-bonds to the backbone of Met376 in the active 
structure.  His344 is a serine-binding residue that contacts His342, which in turn h-bonds to 
Thr403.  Small changes along the backbone between Thr403 and Ile404 could also affect the 
Ile404 – Met376 nonpolar contact. 
 
 
Domain interface residues of PGDH and NikR 
Another region of this fold that shows a slight structural change in PGDH upon serine binding 
includes Pro401 and Gly402.27 While Pro401 is not well conserved, inspection of the PGDH 
sequence alignment shows that this position is either a Pro or a polar residue.  Gly402 is well 
conserved, with only a few sequences substituting a polar residue in place of glycine.  The 
analogous positions in NikR, Arg119 and Gly120, are both well conserved.  Additionally, NikR 
residues 116-121 are one of the two major regions in the ACT fold that have a concentration of 
residues with a large number of significant non-covalent contact correlations in the MD analyses 
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presented in Chapter 3 -- the other includes residues 60-66 mentioned above.  Furthermore, 
Arg119 forms a non-sequence specific contact with the DNA phosphate backbone in the co-
crystal structure.5 Finally, the backbone carbonyl oxygens of Ile116, Gln118, and Val121 help 
form the low-affinity cation binding site of NikR at the domain interface, which is an important 
inter-domain contact involved in NikR activation (see Figure 6-3).  These data, when taken in 
conjunction with the data for PGDH residues Pro401 and Gly402, highlight this region of the ACT 
fold as important for facilitating allosteric communication with the associated biological activity 
domain of each protein.  It is intriguing that Thr403 (Val121 in NikR) is adjacent to these residues 
and is completely conserved in the constructed alignment.  Since the formation of the cation 
binding site at the domain interface in NikR is likely linked to Ni2+ binding at the high affinity sites, 
it would make sense that rearrangement of Thr403 contacts could be linked to serine binding in 
PGDH.  As shown in Figure 6-8 it appears that Thr403, through hydrogen bonding with His342 
(Tyr58 in NikR), helps control the orientation of Ile404 (Arg122 in NikR).  Ile404 in turn forms a 
nonpolar contact with Met376 (Asp94 in NikR), but only in the “active” PGDH structure.  Ile404 
and Met376 move over an Ångstrom further apart in the serine bound inhibited structure.  This 
causes Met376 to form a close inter-domain association with Ala95 in the inhibited structure, 
which is not present in the active structure (see Figure 6-8). 
 
Finally, I would like to highlight Arg405 and Arg407 in PGDH, which form a domain-domain 
contact in the PGDH crystal structures and disrupt serine inhibition when mutated to alanine (see 
Figure 6-9).26 These positions align with His123 and His125 in NikR, which can form domain-
spanning contacts, including a gatekeeper contact discussed above in the new model of NikR 
allostery (see Figure 6-3).  The PGDH residue Arg407 is highly conserved and is located at the 
analogous position in PGDH.  While His123 and His125 are not particularly well conserved in 
NikR, the alignment positions almost uniformly contain polar/charged residues that can likely form 
similar domain-spanning contacts.  Upon comparing the active and inhibited PGDH structures, 
Arg407 clearly forms a domain-spanning hydrogen bond with the backbone carbonyl oxygen of 
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Tyr315 in the serine-bound form that is released in the active form (see Figure 6-9).  Tyr315 is 
part of a long helix (residues 297 to 319) that connects the ACT domain to the nucleotide-binding 
domain.   Breaking this contact may be an important part of allosteric communication between the 
ACT domain of PGDH and the active site.  In addition to the Arg407 – Tyr315 hydrogen bond, 
Tyr378 (Leu96 in NikR) in the ACT domain hydrogen bonds with the backbone carbonyl oxygen 
of Gly319 at the C-terminal end of the aforementioned inter-domain helix.  Both Tyr378 and 
Gly319 are highly conserved in PGDH, and this contact likely helps maintain the relative position 
of this long helix and the ACT domain. 
 
Figure 6-9.  Domain interface rearrangement due to serine binding to PGDH: adjusted 
charged/polar contacts. A.) Serine (purple, ball and stick rendering) inhibited E. coli PGDH (PDB 
ID 1PSD).  B.) The active form of PGDH (PDB ID 1YBA).  Comparing the two structures shows 
that Arg407 disengages from a hydrogen bond with the backbone carbonyl oxygen of Tyr315 in 
response to serine binding.  Arg405 remains hydrogen bonded with the backbone carbonyl 
oxygen of Leu76 in both structures, although this bond is shorter/tighter in the absence of serine.  
Tyr378 and Gly319 are also shown because they are highly conserved and provide an additional 
hydrogen bond connecting the ACT domain to a long helix (residues 297 to 319, colored orange) 
that leads down to the nucleotide-binding domain of PGDH. 
 
The structural and functional comparisons between NikR and PGDH presented in this Chapter 
provide evidence for a general mechanism of ACT domain control.  Even though these two 
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proteins from E. coli recognize quite different allosteric ligands (Ni2+ and serine) and share 
essentially random sequence identity, a large majority of known important ACT domain residues 
in each protein map onto structurally equivalent positions between the two.  These include both 
ligand binding and highly conserved “second-shell” residues within the ACT domain, and their 
connection with highly conserved residues at the interface between each individual ACT domain 
and its associated biological effector domain(s).  These data imply that the ACT fold is a highly 
adaptable allosteric module with several “control point” positions throughout the fold that can be 
utilized to either bind a regulatory ligand or transmit allosteric signals in response to ligand 
binding.  The identification of several control points in the fold presented in this Chapter provides 
a predictive framework for the study of other ACT containing proteins. 
6.4   Future Studies 
The investigations presented in this Thesis lay the groundwork for several potential future studies.  
Building upon the H/D exchange experiments presented in Chapter 2, the preliminary data in 
Appendices A and B shows that the Ni2+ dependent conformational response of NikR mutants 
can be different from WT NikR.  Furthermore, coupling H/D exchange and pepsin cleavage could 
structurally resolve these differences through sequencing the peptides that show the greatest 
perturbation. 
 
The computational analyses presented in Chapters 3 and 4 hold promise for identifying 
signatures of allosteric communication from protein MD simulations.  If force field parameters are 
developed or become available that accurately describe four-coordinate square-planar Ni2+-
protein complexes, it would be illuminating to conduct NikR simulations with Ni2+ bound, starting 
from both the open and closed conformations.  Furthermore, MD simulations of other ACT 
domain containing proteins (such as PGDH) could benefit from comparison with the data 
presented in this Thesis and utilization of the newly developed non-covalent contact analyses. 
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The quantitative Ni2+ binding analysis presented in Chapter 5 provides a foundation for comparing 
the Ni2+ binding characteristics of any future NikR mutants with the WT protein.  In addition, the 
data presented in Chapter 5 provides the opportunity to conduct DNA binding experiments at 
varying levels of bound Ni2+ density.  These studies would determine if activation of DNA binding 
requires a threshold number of bound Ni2+. 
 
The “control point” hypothesis of ACT domain allostery presented in this Chapter (including a new 
model for NikR allostery) can be tested in NikR and other ACT domain proteins.  One important 
extension of the NikR/PGDH comparison would be to make a more extensive mapping of 
functionally important residue positions onto a common reference structure from a large variety of 
ACT domain proteins.  As more proteins are discovered to contain ACT domains, the control 
point hypothesis provides a starting point for predicting which residues are likely to be involved in 
ligand binding sites or important domain interface contacts. 
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Appendix A 
H/D exchange mass spectrometry with Q75A NikR 
 
Figure A-1.  H/D exchange properties of Q75A vs. WT NikR.  A.) H/D exchange time-course for 
apo and 4 Ni2+/NikR4 (1:1 Ni2+:NikR monomer) at 23 °C for WT and Q75A NikR.  B.) Deuterium 
uptake difference (apo minus Ni2+ bound) at 23°C for WT and Q75A NikR.  The WT data points 
are the mean uptake values for each time-point and the error bars represent the standard 
deviation from 3 time-course trials under each condition.  The Q75A data points are from single 
measurements.  Lines are shown only to connect data points from each condition. 
 
These preliminary global H/D exchange (NikR monomers) Q75A data were collected under 
identical conditions as WT NikR described in Chapter 2 (shown here for reference).  The 
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deuterium uptake time course for apo Q75A NikR is nearly identical to WT (Figure A-1A).  
Conversely, the deuterium uptake time course for Ni2+ saturated Q75A is significantly slower than 
Ni2+ saturated WT NikR.  The resulting deuterium uptake difference (apo – Ni2+ bound, Figure A-
1B) for Q75A shows an offset from WT of 6 deuterons at the earliest time point and 2-3 deuterons 
at the latest time points.  These results indicate that the Ni2+ dependent change in conformation 
affords greater protection against H/D exchange of at least 6 additional residues per monomer for 
Q75A relative to WT NikR. 
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Appendix B 
H/D exchange mass spectrometry with pepsin cleavage of WT 
NikR 
Introduction 
Under H/D exchange quench conditions, specifically pH ~2.5, a few different acid stable 
proteases show maximal activity.1; 2 Of these, immobilized porcine pepsin has been widely 
utilized to cleave a variety of proteins into relatively short (5-40 residues) often overlapping 
peptides that can be sequenced and mapped on a representative protein structure.3-5  The 
peptides are sequenced and mapped prior to H/D exchange, then the deuterium uptake time 
course is measured for each peptide by coupling H/D exchange with pepsin cleavage and mass 
spectrometry.  Similar to the data presented in Chapter 2 for a full NikR subunit, the difference in 
deuterium uptake due to ligand binding can also be determined for each peptide. 
Methods 
The additional methods used to analyze pepsin fragments of WT E. coli NikR are shown 
schematically in Figure B-1.  Porcine pepsin immobilized on agarose beads was obtained from 
Pierce (Rockford, IL).  Prior to setting up H/D exchange reactions, a 50 µL aliquot of pepsin slurry 
was washed three times in a 0.5 mL microfuge tube with 400 µL “pepsin wash solution” (150 µL 
of 0.1 M HCl added to 5 mL of ddH2O, pH ~2.6), with spinning in a microcentrifuge @ 4000 rpm 
and pipetting off 400 µL supernatant after each wash.  The pepsin slurry was resuspended and 
placed on ice.  H/D exchange reactions were conducted as described in Chapter 2 with the 
following modifications.  The total reaction volume was 50 µL (45 µL of 100% D2O + 5 µL of 
protein stock in buffer).  The final protein concentration was 10 µM (NikR monomers), the 
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exchange reaction proceeded for 1 min.  1.5 µL of chilled 1 M HCl was added to quench H/D 
exchange, and 10 µL of washed pepsin slurry was added.  The tube was incubated on ice for 3 
min (with vortexing every 15 s), and spun 2-3 s in a microcentrifuge to “pulse” the immobilized 
pepsin to the bottom of the tube.  A 20 µL aliquot was removed and frozen in a dry ice/ethanol 
bath for 15 s. Frozen samples were immediately transferred to –80 °C and stored for 1-5 days, 
followed by transport to the mass spectrometry facility on dry ice.  LC-ESI mass spectrometry 
was conducted as described in Chapter 2, except that a longer C18 column (1 mm x 15 mm, 
PepMap cartridge, LC Packings, Sunnyvale, CA) was used in place of the desalting column.  In 
addition, the isocratic flow was produced by a Waters CapLC pump with two solvent reservoirs, A 
(95% ddH2O, 5% acetonitrile, 0.3% formic acid) and B (95% acetonitrile, 5% ddH2O, 0.3% formic 
acid), and an LC gradient was used to separate peptides (10-35% B over 8 min, 35-100% B over 
3 min, back to 10% B for equilibration).  This protocol was adapted from Justin Sperry, see Sperry 
et. al. 20086 for more details. 
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Figure B-1.  H/D exchange with pepsin digestion, liquid chromatography separation of peptic 
peptides, and mass spectrometry.  Protocol adapted from Zhang and Smith, 1993.3 
 
 
Results and Discussion 
Three relatively large (30-40 residues long) peptides have been identified that show a Ni2+ 
dependent shift in H/D exchange.  One example is shown in Figure B-2.  Based on the masses of 
the peptides without H/D exchange, the most likely amino acid sequences have been identified 
(using the FindPept tool found at http://www.expasy.ch/tools/findpept.html) and are plotted on the 
NikR structure in Figure B-3.  It is important to point out that unambiguous assignment of the 
peptide sequences requires MS/MS sequencing, which was not performed here.  Nevertheless, 
the preliminary data presented here is suggestive that altered NikR conformation in response to 
Ni2+ binding may be measurable across several regions of the NikR structure.  Further 
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optimization of this experiment could yield smaller peptides and better structural resolution.  This 
would be especially advantageous for comparing WT E. coli NikR with site-directed mutants. 
 
Figure B-2.  Evidence of NikR conformational change due to bound Ni2+ in a peptic peptide. 
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Figure B-3.  The most likely location of three NikR peptic peptides that show a Ni2+ dependent 
shift in deuterium uptake after 1 minute of H/D exchange.  The NikR tetramer is shown in tube 
representation, and each peptide is shown in cartoon representation with the follow colors:  
residues 13-53 (green), 57-97 (blue), and 102-133 (red). 
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